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ABSTRACT

A magnetoplasmadynamic discharge is examined near the
cathode of a 2.5 MW, quasi-steady, self-field arcjet. High
speed photography shows a concentration of arc luminosity in
the cathode region, while detailed measurements with electric
and magnetic field probes indicate that 85% of the total arc
power is deposited within one base diameter of the cathode
surface. Ion energies are shown to be proportional to the
voltage drop in the cathode region even though current conduc-
tion is accomplished primarily by electrons in a tensor manner.
It is found that a high speed plasma flow is delivered to the.
cathode where it is converted into a useful exhaust jet in a
thin, high density layer at the cathode surface° Local measure-
ments of electrqh temperature and estimates of electron density,
made within the discharge and exhaust jet using a twin Langmuir
probe technique, indicate a nearly uniform electron temperature
of about 1.5 eV thFoughout the quasi-steady arcjet flow. The-
oretical considerations of current conduction and plasma aécel—
eration processes near the cathode are correlated with the ex-
perimental evidence and lead to relationships among overall arc-
jet properties. In particular, ion kinetic energies in the ex-
haust jet should be comparable to the arc voltage, exhaust ve-
locity and arc impedance should be proportional, and the in-
fluence of insulator ablation should become important when the

input mass flow is fully ionized by the arc.

ii
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NOMENCLATURE

magnetic field strength [w/mz]

electric field measured in the laboratory [V/m]
current to probe tip [A]

total arc current [A]

heat conductivity [W/m °K]

distance for which G{me = o_au L =1

Mach number

drag force between ions and atoms [ Nt/m3]
pressure [ Nt/mz]
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voltage [V]
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enthalpy [mz/secz]

current density [A/mz]

Boltzmann's constant = 1.38 x lO—23 J/OK
particle mass [kg]

particle density [ /m3]

heat or energy flux [W/mz]

radial position

entropy production rate (per unit area) [W/mz/oK]
time for equipartition between ions and electrons
velocity [m/sec]; u, plasma speed normal to cathode
from convective zone

thermal speed (8]<‘.T/'i’s‘m)1/2

axial position
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degree of ionization
ratio of specific heats
compressible boundary layer thickness

o o o R

incompressible boundary layer thickness

M
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ionization potential [eV]
thermal diffusivity [mz/sec]

> K

.5 Mmean free path of particle A before encountering
particle B and experiencing transfer or chemical
event C

plasma parameter

collision frequency

kinematic viscosity

mass density

RRNAES

electrical conductivity [mho/m] = [resistivity, ohm--m]—l

Q
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X

work function [eV]

ol )

Hall parameter

Subscripts
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e electron heavy-particle
i ion

A atom

i parallel to current density ?

4 perpendicular to ?} parallel to 3 x B

W wall conditions
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CHAPTER 1
INTRODUCTION

Our purpose here is to understand the physical pro-
cesses involved near the cathode of a magnetoplasmadynamic
arcjet. Interest in such processes derives from a desire to
achieve logical guidelines for the design of an optimum elec-
tric thruster of this type for space applications. We shall
be particularly concerned with the mechanics of current con-
duction and plasma acceleration in the vicinity of the cath-
ode, and the transfer of electrical energy to the plasma in

this region.

Nature of the Problem

A magnetoplasmadynamic arcjet involves, as its name
implies, the production of a directed plasma flow by an arc
discharge in a magnetic field. The history, development, and
characteristics of such devices has been the subject of exten-
sive review by several authors‘.l-—_5 Briefly, this type of plasma
accelerator is distinguished from the thermal arcjets or plasma-
jets, that preceded it, by higher current and lower particle
density operation and by significantly improved performance.

The association of these characteristics suggests that some
more efficient electromagnetic interactions become important
at high-current, low-density conditions, although the MPD arc
may still reflect its electrothermal ancestry and should thus

be considered a hybrid form of electric thruster.

As such, the details of its operation can be quite com-
plex. The thermal arcjet itself is difficult to describe be-

cause of the vigorous energy transport processes associated with



an arc discharge. To this, we now add the complications of

an electromagnetic body force distribution which depends on
the velocity and conductivity of the ionized gas, and we also
include the possibility of noncontinuum flow conditions. On
one hand, we have the two-dimensional acceleration of a non-
equilibrium, ionized gas. On the other, we must deal with the
nonlinear mechanics of charged particles in the electric and
magnetic fields of the discharge. These extreme points of
view have taken the form of simplified models for MPD arcjet
operation. In the latter case, for example, electrostatic ac-
celeration of ions provides the basis for both current conduc-
tion and plasma. acceleration, while the self-magnetic field
acts to deflect the ions downstream, thereby protecting the
cathode surface from excessive bombardment.6’7 In the former
case, the current conduction mechanism is not specified and
pressure gradients are invoked to obtain axial thrust from the

radial component of thelﬁ bi4 E-force in the discharge.

Approach to the Problem

To understand the interplay of the various physical
processes involved, we may follow two approaches. The arc
could be operated over a range of externally controlled condi-
tions, such as total current and input mass flow rate. Mea-
surements of other arcjet properties such as thrust, exhaust
velocity, and total arc voltage could then be used to deduce
the mechanics of plasma acceleration and current conduction.
The results of such endeavors are discussed in the previously
cited review articles. The other approach is to analyze a
particular typical arcjet operation in detail, directly obtain-
ing the structure of the discharge flow by measurement within
the arc chamber of the current density distribution, electric
and magnetic field distributions and electron densities and
temperatures. Understanding of the interrelationships between
these quantities and their connection to overall arcjet param-
eters may then be generalized to other operating conditions.

This is the approach we shall follow here.



The Cathode Region

In a coaxial geometry, the current density and mag-
netic field strength are boﬁh greatest near the central elec~
trode. The electromagnetic interactions with the plasma flow
will therefore be most intense in this region, both from the
standpoint of the ? x B force exerted in the gas, and in terms
of ion and electron Hall parameters. In addition, higher cur-
rent densities suggest that ohmic heating (’zjz) may be greatest
in this region (depending of course on the variation of gas con-
ductivity). Thus, since the cathode is normally the central
electrode in an arcjet, we have chosen to concentrate our ef-
forts there so as to encounter fully the various processes
characterizing an MPD arcjet. We shall therefore limit our
concern to the discharge and plasma flow within one base diam-

eter of the cathode surface. This is defined as the cathode

region.

Subdivisions of the Cathode Region

To simplify a very complicated problem, we shall divide
the cathode region into zones or layers in which either the
situation is dominated by physical processes that can be des-
cribed locally by our experimental evidence, or the geometry
is such that a knowledge of overall properties is adequate to
determine the characteristics of the discharge and plasma flow.
We expect that the subdivisions shown in Fig. 1 are sufficient
to delineate portions of the cathode region in which different

physical phenomena are important.

In the convective zone, plasma particles are accel-

erated by electromagnetic forces to create a plasma flow near
the cathode. It is in this region that particles are convected
to the cathode surface layer where various interactions with

the cathode surface are important. In this surface layer, we
are concerned with the deflection of the plasma flow to the
cathode, conduction across the cathode-plasma interface, and
energy transfer and erosion by ion bombardment of the cathode.
Just downstream of the cathode tip is the cathode jet which
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receives the plasma flow both from the cathode surface layer
and from the convective zone, and channels this flow into the
arcjet exhaust. (Beyond the cathode region, the MPD discharge
circuit is completed through a region of gas ionization, in

which plasma acceleration may also occur.)

Organization of the Thesis

To aid the reader, we now indicate the order and pur-
pose of the various sections of the thesis. Immediately fol-
lowing this introduction, the experimental program and its more
direct results are described. In subsequent chapters (Chaps. 3,
4, and 5), the data are analyzed in detail to establish the
nature of the working f£luid, the current conduction and plasma
acceleration processes in the convective zone, and the energy
deposition and flow deflection in the cathode surface layer and
jet. Following Chap. 5, the experimentally obtained physical
picture of the cathode region in our quasi-steady MPD arcjet

~is reviewed.

The fundamental basis for the structure of an MPD dis~
charge is delineated in Chap. 6. There, the interactions be-
tween the plasma flow and the current conduction pattern are
considered and the relation of the arc voltage to the ion ki-
netic energy is discussed. In Chap. 7, we apply our understand-
ing of the physical processes involved in the cathode region to

MPD arcjet operation and performance.



CHAPTER 2
THE EXPERIMENTAL ATTACK

Experiments inside MPD arcjets have long been pro-
hibited by the small volume of the arc chamber and the vio-
lence of arc operation. Understanding of MPD processes has
thus been limited to inferences made from a knowledge of
various terminal properties such as total voltage, current,
thrust, etc.,,l”7 supplemented by optical measurements of arc
luminosity distribution, and species existence and tempera-

1

ture. Our purpose here is to improve this situation by a
series of detailed measurements within a high power, large

radius, quasi-steady arcjet.

The Experimental Facility

By operating an arcjet with a short pulse of high
current, we are able to avoid the experimental difficulties
of poor, interior access and instant probe destruction. Higher
currents allow us to scale the arc chamber dimensions to main-
tain the intensity of MPD operation in a larger volume. Thus,
for a cylindrical system, a factor of 10 increase in current
from 2000 A to 20,000 A permits a similar change in chamber
diameter from 1 cm to 10 cm. At the same time, the short du-
ration of the current pulse limits energy transfer to modest
amounts even at the higher power levels involved, allowing
small, uncooled probes to survive within the arc chamber. The
design philosophy of the quasi-steady arcjet and details of the
construction of the facility used here are discussed at length
by Clark.5

Briefly, our apparatus consists of a 5-in. diam, 2-in.

high chamber in which a diffuse arc forms between a conical



tungsten cathode and a coaxial aluminum anode (see Fig. 2-1).
The arc operates in the experiments discussed here, at

17,500 A, with a constant argon mass inflow of 5.5 g/sec, and
exhausts into a Plexiglas vacuum vessel maintained at 2 x lO_5
Torr, during the time of interest. Current is supplied by a
capacitor bank arranged as an LC-ladder network to provide a
flattopped current pulse for 165 usec. (See Fig. 2-2; subse-
quent discharges are due to the gross impedance mismatch be-
tween the network and discharge, and need not concern us). -Ar-
gon flows into the arc chamber through six choked orifices from
a high pressure reservoir created at the driven-section endwall
of a vacuum shock tube. The current pulse is delivered to the
chamber when the mass flow has attained a steady level. Some
30 psec after discharge initiation, total voltage, current,
magnetic field distribution, and overall arc appearance achieve
a steady state which is maintained until the current decreases
at the end of the pulse. Recent experiments10 indicate that
this situation is representative of quasi~steady operation with
current pulses an order of magnitude longer in duration than
that used here. |

The Experimental Program

In attempting to mount a balanced attack on our prob-
lem, we utilize many techniques, but avoid pursuing any par-
ticular measurement beyond our limited knowledge of either the
diagnostic situation or the relationship of the measured gquan-~
tity to arc processes. Such an organic approach is quite ap-
propriate in view of the profligate lack of simplicity involved
in the experimental problem, since we cannot hope to obtain a
completely unambiguous quantitative result from any of our
diagnostic tools. We now describe the experiments and their
more immediate results.

Photography

Qualitative information on the nature of the arc in
the cathode region is provided by color photography through a
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high speed Kerr-cell system. A quarter of the anode current
return path was removed at the arc chamber allowing the entire
discharge region to be viewed through the glass ring insulator
(Fig. 2-3a). Color slides were obtained using High Speed Ekta-
chrome Daylight Film (with standard development; ASA 160) in

a 35 mm, single lens, reflex camera (Honeywell Pentax; 50 mm
£f.1.). The Kerr-cell shutter was triggered at a known time in
the current pulse and remained open for 5 psec. Bleedthrough
of light from the high intensity region at the cathode tip,
checked by photographing the arc with the Kerr cell closed,
was unnoticeable at the exposure setting used (£/4.7). The
figures shown are enlargements made on Polaroid Type 58 color
film and satisfactorily represent the original slides. Black
and white photographs obtained in the same manner with a 4 x 5
Speed Graphex camera, using Polaroid 3000 £ilm, show the same
luminosity distributions but do not, of course, provide as
clear a delineation of plasma radiations as the color slides.
The sequence of photos shown are representative of the various

phases of arc operation.

As the current to the arc chamber increases, we observe
the motion of cathode spots and the transition of cathode cur-
rent attachment from a spot to diffuse mode (Figs. 2-3b,c,d).
After 20 psec (Fig. 2-3d), the luminosity pattern has nearly
achieved the quasi-steady situation shown at a representative
time in Fig. 2-3e, 100 mpsec after discharge initiation. 1In
later photos, the luminosity pattern becomes less constricted
and diminishes in intensity as the current returns to zero
(6 psec after Fig. 2-3f). When the current reverses, the cen=
tral electrode becomes the anode and a radically different
pattern is obtained. Figures 2-3g and 2-3e are both obtained
100 psec into their respective current pulses, but are quite
dissimilar. Yet, at the same time into the third current
pulse, when the central electrode is again the cathode, we re-
gain normal operation (Fig. 2-3h). The pattern is now less
bright and less constricted since the maximum current level

is somewhat lower than that of the initial pulse.
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The colors observed in the discharge may be used to
indicate various physical phenomena. For example, correlation
with spectroscopic evidencell indicates that green is associ-
ated with molecular carbon (C2) radiation in our discharge,
while blue~-white is characteristic of bremscontinuum. Thus,
we would expect to find molecular carbon in a region extending
from the cathode-insulator junction (see Fig. 2-3e). This in-
dicates ablation of the Plexiglas insulator [n (CSHSOZ)]' and
the presence therefore of hydrogen and oxygen in the plasma,

in addition to molecular and atomic carbon.

Our photographic work also yields some information on
the cathode surface. With the possible exception of a small
area at the tip, the cathode surface appears dark. This in-
dicates that most of the cathode surface does not achieve in-
candescent temperatures during the time of our experiment,
even though the surface current densities exceed lO7A/m2. That
incandescence should be observable was verified by successfully
photographing the filament of a 35 W spot lamp, using the same
5 pmsec shutter Kerr-cell system. Spectroscopic photographs
confirm these results, showing bright continuum at the cathode

tip, but darkness everywhere else on the surface.

The importance of the photographic work is that is
provides a time-~resolved, general look at the interior of an
MPD arcjet. Discharge mode, arc intensity distribution and
polarity effects are immediately seen, and significant evidence
is obtained about processes such as insulator ablation and

cathode emission.

Surface Phenomena

Insulator Ablation. A dial indicator was applied to

the initially flat Plexiglas backplate used in the photographic
studies. After some 50 firings, a shallow, conical region had
been ablated approximately 0.002-in. deep at the cathode~insu-
lator junction and extending out to the radius of gas injection.

Measurement of the ablation depth of the backplate normally
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used, after over 3,000 firings at various current and mass
flow conditions, yields a comparable value of mass lost per
shot. This ablated region is shown in our diagrams of the
arc chamber as a conical volume at the base of the cathode.
Computations based on the volume of Plexiglas ablated, aver-
aged over the total discharge duration including reverse cur-
rent pulses, give a mass flow of insulator material of 0.9
g/sec, which is an appreciable fraction of the input argon
mass flow (5.5 g/sec in our case). More important, however,
is the influx of low mass ions to the plasma, since each Plex-
iglas group (C5H802) may be expected to provide up to eight
hydrogen ions. This may have important implications for any
process, diagnostic or arc, that involves the random flux of

positive charge to a surface.

Cathode Surface. After several hundred firings, the

cathode was removed for close examination. It is immediately
evident that the cathode tip has experienced considerable
violence since the initially smooth, large radius cone end
has developed a sharp peak at the tip center, surrounded by

a rather flattened area. (See Fig. 2-4; note that the unused
cathode on the left has a higher base than the used cathode
had initially. Also, the used cathode had been filed to
smoothness a few times earlier in its history, so we cannot

compare the two for erosion due to the discharge.)

The drawing in Fig. 2-5 was made while viewing the
cathode with a 3X stereomicroscope. We see that the surface
extends with increasing slope from the darker areas of the
cathode to form a peak 0.1l-in. high, surmounted by a globule
0.04~in. in diameter. The surface appears to have been molten
along the sides of the peak as slight folds are observed.
These indicate flow away from the end of the cathode and thus
opposite to the free stream plasma flow. Occasionally, a red,
hot spark will be ejected from the arc chamber during or per-
haps slightly after the discharge. We may surmise that this
results when the cathode tip deforms to the extent that the

globule is freed from the peak. Processes then return to
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normal (spark-free) until the mechanical stability of the peak
formation is again lost. Although the current density at the
base of the cathode is comparable to that at the cathode tip,

no melting is apparent there.

Magnetic Field Distribution

By measurement of the magnetic field distribution within
an MPD arcjet, we may obtain both the current flow pattern and
the distribution and direction of the ? x E body force. In a
quasi-steady discharge, this is accomplished quite simply by
use of a small coil of wire placed at the point of interest.
As the discharge pattern forms and stabilizes, a current is
generated in the coil proportional to the local rate of change
of magnetic field. Electronic integration of this signal then
allows us to monitor the local magnetic field on an oscillo-~
scdpe (see Fig, 2-6a). Calibration is accomplished in a situ-
ation nearly identical to that in which the probe is used by
placing the coil at a position in the arc chamber where the
magnetic field is known, i.e., at a position enclosing the

total discharge current.

The result of a survey of the magnetic field in the
cathode region of the discharge is displayed as a plot of en-
closed current contours in Fig. 2-~7. Constant fractions of
the total discharge current flow between these streamlines
and the arcjet centerline. This figure was obtained by graph-
ing the enclosed current at over 40 points in the cathode re-
gion versus both radial and axial position. The locations at
which a specified current is enclosed were then cross plotted
to provide a contour. The error boxes are due to finite probe
size, shot-to-shot reproducibility, and experimental precision,
and indicate the area around each point of the contour at which
the particular current may be enclosed. 1In obtaining enclosed
current from the local magnetic field measurement, we make use
of the azimuthal symmetry of the discharge. This symmetry is
indicated by the quasi~steady character of our signals (no ro-

tating spokes, for example, are suggested) and was confirmed
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by rotation of the probes 90° out of the usual plane of mea-
surement. The same level and distribution of magnetic field
was obtained even though our azimuthal position relative to

the hexagonally arranged gas injectors was different.

We call attention at present to some of the more im-
mediate features of the current flow pattern. We note that
25% of the total current travels in a layer adjacent to the
insulator wall, with the remainder of the current distributed
in a diffuse manner throughout the cathode region. At the
cathode surface, the current density is rather uniform. It
is highest at the cathode tip (5 x lO7 A/mz), somewhat lower
at the base of the cathode (4 x lO7 A/mz) and lower still along
the intervening slope (1.5 x lO7 A/m2). Another, rather inter-
esting, aspect of the pattern is the double inflection of the
current streamlines at the radius of gas injection. Even when
the pattern is smoothed to achieve gentle curves through the

error boxes, this feature is still present.

Voltage Distribution

The voltage distribution within the discharge is de-
termined by use of floating electrostatic probes. These mea-
surements accurately reflect the plasma potential distribution
if the electron temperature and plasma flow properties do not
vary greatly over the distance of interest. From the potential
distribution, we may obtain local components of the electric
field in the discharge and, with reference to the current dis-
tribution, we may also delineate regions of significant elec-

trical energy deposition.

To minimize the effects of total voltage fluctuation
from shot-to-shot, we employ two floating probes at nearby
positions, separated in either the radial or axial direction.
The probe system used here consisted of two #18 copper wires,
insulated with Mylar and epoxy, and coaxially shielded in the
same support tube (Fig. 2-8). The wire ends were exposed to
the plasma as nearly spherical tips, separated by 0.1l in.

in the case of the radial field probe, and 0.22 in. for the



£ 4645 v

AP 25

RADIAL FIELD PROBE

f \\\:<:4 J{' ;2" «F;—J é>3
a / f YA

BRASS TUBE EPOX}’OVER
#18 CU WIRE (ELECTROSTATIC SHIELD) .003" MYLAR

¢ RN A &—-&—‘ 22" |a—o

\X .22"
X ¢ ﬁ
AXIAL FIELD PROBE
PROBE CIRCUIT

>

@a:.>

y COAXIAL SHIELD
' A

AY
] 0 PLASMA
\/
DUAL BEAM
SCOPE
TEKTRONIX O
P6006
VOLTAGE
PROBES | TEKTRONIX
TYPE G
DIFFERENTIAL
PRE-AMP

FLOATING POTENTIAL PROBES

FIGURE 2-8



22

axial field probe. Voltages were monitored by three Tektronix
P6006 voltage probes, using a Tektronix Type G differential
pre-amp to obtain the voltage difference between tips (see
Fig. 2-6b). By simultaneously recording the voltage of one
probe and the voltage difference between probes, we obtain

the floating potential at two points in the plasma and the.
average electric field between them. This procedure was ap-
plied at over 50 locations in the cathode region, providing

over a hundred measurements of floating potential.

Plots of floating potential versus radial and axial
position were then used to obtain the locations of particular
voltage values. The resulting equipotential contours are
shown in Fig. 2-9. The error boxes are again due to finite
probe size, shot-to-shot reproducibility, and experimental
precision, and again indicate the range of points through
which a given contour could be drawn. The voltage level of
each line may be corrected by a factor depending on the elec-
tron temperature and the appropriate ion speed and mass. Both
these corrections tend to decrease given voltage values by up
to 10 V. (The electrode voltages need no correction, so the
cathode fall voltage may be 10 V more than indicated in Fig.
2-9,)

We note immediately from these contours that the bulk
of the arc voltage, and thus electrical power, is provided
within one (base) diameter of the cathode surface, confirming
the importance of the cathode region to MPD arc processes. A
detailed analysis of the electromagnetic structure of the dis-
charge in the cathode region is presented in Chap. 4. We must
first determine some of the electrical and mechanical properties

of our plasma.

Langmuir Probing

Time-resolved local measurements of electron tempera-
ture and estimates of electron density are obtained by Langmuir
probe techniques. Briefly, a Langmuir probe consists of a wire

inserted into a plasma and exposed there as a surface of known
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geometry. A current is drawn through the wire and the sur-
face is established at some voltage. The approach is to re-
late this current and voltage to the charge transport processes
of the plasma and thereby to obtain the particle temperatures
and densities. Unfortunately, this procedure is extremely com-
plicated except in a few well-defined situations.,12 To utilize
this technique, we are therefore required to design our probe
so that such a simple situation obtains. We need a probe with
a radius much larger than a Debye length, so that the collection
area is well known, yet much smaller than various mean free
paths, so that a collisionless formulation may be used. Addi-
tionally, we require the probe to survive many exposures to a
dense, energetic plasma without variation in its operating

character.

Our initial efforts were concerned with the measure-
ment of electron temperature in the MPD exhaust on the arcjet
centerline 12 in. downstream of the anode face. We employed
a single Langmuir probe, constructed as shown in Fig. 2~10,
and aligned parallel to the plasma flow. The voltage drop
across a resistor connecting the probe to ground was monitored
with a Tektronix P6013A voltage probe, so that the current
drawn by the probe and the probe voltage during quasi-steady
operation were obtained with a single measurement (see Fig.
2-1la). The procedure was repeated for a range of resistor
valves, from 9.6.n to 108JL , to achieve the graph of probe
current versus probe voltage shown in Fig. 2-12. The ion cur-
rent branch of the probe characteristic was obtained by the
addition of a 45 V battery in series with the resistor. The
probe tip was cleaned initially by submersion in warm clorox
until a shiny, light gray surface was obtained. Examination
of the probe tip after many exposures to the discharge showed
that this condition was maintained, presumably by probe heating
in the arc environment. The error bars in Fig. 2-12 are pri-
marily due to the shot-to-~shot fluctuations of the total dis-
charge voltage and thus, local plasma potential. Note that

both electron and ion current saturations were achieved. Thus,
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we may adjust the total current by the ion current (assumed
constant) to obtain a plot of electron current versus probe
voltage, Fig. 2-13. We see that a straight line transition
portion and a "knee" are present. The electron temperature
is obtained from the slope of the straight portion, while

the "knee" indicates when the probe has attained plasma po-
tential. Our analysis follows simple Langmuir probe theory

and gives:

KT_ = (1.4 + 0.2) eV

L = (5.244) x 1012 m 3

KT, (8.8 + 0.6) eV

n

The rather large error bar on ng reflects the lack
of precision involved in determining the location of plasma
potential within the knee. This could be improved if more
data were obtained, but in view of the uncertainty of the
probe collection area at this low density, we are satisfied
merely with an estimate of electron density. The ion temper-
ature is determined from the ion saturation current, assuming
singly charged argon ions and neglecting far-field sheath ef-
fects in view of the high ion energy. (Calculations based on
ion current are sensitive to the chemical nature of the flow
as well as the exact flow direction and we shall avoid them
for these reasons.) We note our probe data is consistent with
simple theory in that the measured difference between plasma
potential and floating potential agrees with the value computed

from the electron temperature and the saturation current ratio.

Although the single Langmuir probe proved useful for
measurements of electron temperature and estimates of electron
density and ion temperature in the downstream exhaust of the
arcjet, this was not the case within the arc chamber. The
fluctuations of local plasma potential from shot-to-shot be-
came more significant compared to the difference between float-
ing and plasma potentials, so that we could no longer obtain a

probe characteristic. Pulsed operation of the probe (sweeping
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the probe characteristic during the discharge) was considered
but discounted because of the inductive voltage drops associ-
ated with driving pulses up to electron current saturation on
a time short compared to local fluctuation times in the plasma.
We therefore developed a technique that is insensitivwe to fluc-

tuations in plasma potential.

The approach is simply to measure the currents and
voltages of two identical probes sampling the same plasma. If
we operate on the transition portion of the characteristic and
draw currents well above ion saturation current, then the ratio
of currents to the probes will be given by the Boltzmann factor
based on the difference in probe voltages and the electron tem-

perature:
_— e_(v;_-v1>
Z2 o Zze = ¢ RTe
Z, Le (2-1)

Such a twin probe will thus provide the electron tem-
perature if we measure the necessary currents and voltages.
The procedure is similar to that used for the single probe, in
that each probe is connected to ground through a different re-
sistor, and the voltage drops are monitored using Tektronix
P6006 voltage probes. Both currents are determined in this
way, while the difference in voltages is obtained using a Tek-
tronix Type G differential pre-amp (see Fig. 2-11b). To insure
that we are operating on the proper portion of the probe char-
acteristic, several pairs of resistors are used. Our computed
value of kTe is just the reciprocal of the slope of a line be-
tween two points on the probe characteristic. A plot of in-
verse slope versus the highest current to the probe pair is
shown in Fig. 2-14. When both probe tips are on the transi-
tion branch, the computed value of kTe remains nearly constant
for different currents (decreasing somewhat as we approach ion
saturation current). If one or both of the probe tips are
drawing current on the electron saturation branch, however, we
suddenly compute high values of kTe. Thus, the constant portion
of Fig. 2-14 provides the electron temperature, while the "kink"



AP 25 £ Jcer 7o

3i

"WTe " [ev]

3.0
[
2'551'\ r=3/4",z=11/2"
\ FROM CATHODE TIP
2.0F \
N\
4L i
|

05 -015 -1.10 -1.15 -zio -2.5

I jyiemest

COMPUTED kTe vs HIGHEST CURRENT TO PROBE

FIGURE 2-14



32

indicates electron current saturation, from which we may es-
timate electron density. The results of twin probe and single
Langmuir probe techniques are compared at a position on the
arcjet centerline, 12 in. from the anode face and found to
agree almost exactly (kTe = 1.5 eV, n, = 6 x lo%gﬁversus pre=-
vious values). A basic limitation on the accuracy of these
measurements is the turbulence of the plasma flow. In Fig.
2-15, we see the time variation of kTe determined by the twin

probe during quasi-steady operation.

Values of kTe and estimates of n, are shown at various
positions within the arc chamber in Fig. 2-16. The values in
the cathode jet (r = 0, z = 3/16 in.) were obtained by sacri-
ficing probe tips that remained from previous operations else-
where. It was found that a tungsten wire tip would not be
lost to the fury of the cathode jet until sometime after the
first few pulses of the discharge ringdown. In this way, values
of electron saturation current in the cathode jet were accumu-
lated. One experiment with a twin probe at this location (with
resistor values estimated to place the probe on the transition
branch) yielded the electron temperature shown in Fig. 2-16
at the cathode tip.

We note that the strong magnetic field in the cathode
region will cause the probe characteristic (current-voltage
diagram) to plateau before reaching the true saturation elec~
tron current, so electrostatic probe data provide only minimum
values of the electron density near the cathode. Indeed, later
analysis based on the electromagnetic structure of the dis-
charge indicates electron densities almost an order of magni-
tude higher than values obtained by these probes. The electron
temperature measurement should not be affected by the presence
of the magnetic field since it is based on the transition por-
tion of the characteristic. Collisional effects near the probe
surface also tend to distort the results obtained from probe
data. Computations based on the higher densities obtained from
analysis of the discharge structure indicate that Aaa/rpﬁtj_
and )D/Q}¢= ld_3, where Me: is the electron-ion MFP,
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‘Ap is the Debye length, and Ye is the probe radius. The
work of Kirchhoff et alq13 suggests that transition flow ef-
fects are therefore unimportant in our probe situation.

The minimum levels of electron density provided by
the twin probe data will be used in Chap. 3 to establish the
quasi-neutral, continuum nature of our plasma and thereby to
justify a priori the magnetogasdynamic formulation from which
the higher density values are obtained.

In the following chapters we shall formulate a cogent,
phenomenological picture of the physical processes involved
in the cathode region of our MPD arcjet based on the preceding
experimental evidence.
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CHAPTER 3
THE CATHCDE PLASMA

The nature of a plasma is primarily determined by
particle collisions. These collisions relate the momentum
and energy of a particle to its fellows and to the other
types of particles that comprise'the plasma. Collisions also
prescribe the response of a plasma to its electromagnetic and
mechanical environment. We shall examine and compare colli-
sional events in terms of characteristic lengths or mean free
paths. In this way, the relative importance of a particular
collisional process may be judged on the scale of interest of

the experiment.

Ionization Level

An important parameter when comparing collisional pro-
cesses in a plasma is its ionization level. This provides a
measure of the relative concentrations of charged and neutral
particles, and thus partially describes the relative collision
frequencies of a charged particle with other charges and with
neutrals. The long range influence of the Coulomb fields of
charged particles will dominate the situation whenever more
than a few percent of the gas is ionized (for temperatures of
interest here). If this is the case, then our plasma will re-
semble a fully ionized gas for phenomena involving the trans-
port of one type of charge relative to another, such as elec~
tron current conduction., For these processes, the exact level
of ionization is no longer very important. Such knowledge will,
however, still be required to describe interactions between

groups of charged and neutral particles. For example, ion
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momentum exchange with neutrals and electron energy loss in
inelastic events, such as ionization, clearly depend on the
local concentration of neutral particles. In the following
discussions, we shall establish minimum levels of plasma ioni-
zation based on estimates of electron number density and tem-
perature obtained from electrostatic probe measurements. Max-
imum limits on plasma-ionization are difficult to impose with-
out a priori knowledge of arc processes. For example, an
overall power balance may be used to compute the amount of
energy available for ionization after the kinetic and thermal
energy of the flow and heat losses to electrodes have been
subtracted from the total arc power. Unfortunately, uncer-
tainties in our knowledge of plasma flow speed and temperature
together with fairly reasonable assumptions as to effective
ionization potential and heat losses, allow ionization levels
from zero to over 200%. In any event, such overall estimates
cannot be usefully applied to local plasma conditions, partic-

ularly near the cathode.

To obtain local estimates of the minimum ionization
level within the arc chamber, we need to know the total par-
ticle density distribution. For our purposes, we shall assume
a reasonable velocity profile in the chamber and compute heavy-
particle densities using the known mass flow rate. Since the
propellant gas is injected into the chamber through choked ori-
fices from a high pressure reservoir, we expect initial heavy-
particle speeds on the order of lO3 m/s. Downstream, at the
anode exhaust port, time-of-flight velocity probes indicate
speedsl4 of about 2 x lO4 m/s. Averaging the mass flow over
the entire backwall of the chamber (assuming that the injected
flow rapidly expands into the lower pressure expected in the
arc chamber), we have a density near the back portion of the
cathode region of:
ng; & 10°%/n’ (3-1)
Downstream of the cathode tip, a factor of 10 increase in speed

(to ~ 104 m/s) results in a factor of 10 lower density. From
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these estimates of heavy-particle density, we see that in
the back portion of the chamber, where n_ &2 3 x 1020/m3,

oL = 3%; while just downstream of the cathode tip, &
may exceed 100% (we note that our density estimates fail to
consider compression of the flow near the cathode, where ne

was measured).

It is instructive to attempt other approaches to the
ionization level. For instance, if we assume that an equi-
librium exists between the electrons in the plasma and the
various excited states of the heavy particles, we may obtain
a two-temperature "equilibrium constant" (generalized Saha
equation). The chief approximation is that we may write the
heavy-particle partition function as the product of a trans-
lational partition function based on the heavy-particle tem-
perature and an internal partition function determined by the

electron temperature:

(T)) (3-2)

Zg T % (Te) 25 ¢ (T

trans

This should hold as long as the heavy-particle tem-
perature is less than an order of magnitude greater than the
electron temperature, since electron heavy-particle collisions
are more efficient for inelastic energy exchange. Assuming

that neutrals and ions have the same temperature and mass,

we have
. "é'z.,k/k"g' G-
’ % = - g - “ )
e _ 2 (2mome RTLY }_; Fore o /R
My h3 < A,'d_éAd/kqé
2 i (3-3)

where the quantity in braces is the ratio of internal parti-
tion functions of the ion and atom, and & is the ionization
potential.

Since we have both ng and Te from probe measurements
(say n_ = 3 x 102°/m3 and kT = 1.5 eV), we may compute n;/ny.
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For first ionization of argon, we find ni/nA ” 5000. We
would thus conclude that our plasma is fully ionized. How-
ever, we may continue this approach to discover that the con-
centration ratios of higher ionization levels are similarly
large (niz/nil ~ 20,000, ni3/ni2 7~ 3700, etc., where sub-
scripts refer to doubly and triply ionized particles). Even
with an order of magnitude increase in electron density this
situation persists and computations with other atomic species
(C, O, H) yield similar results. This indicates that the ba-
sic assumption of our approach is not valid: We do not have

a balance of forward and reverse reactions on the scale of
interest. That is, the ionization of the plasma has not pro-
gressed sufficiently for recombination to occur until some
time after the plasma has left the arc chamber. In effect,
the breakdown of an initially neutral gas in an electrical dis-
charge is spread over the entire arc chamber by the high speed
flow. In that much the same electron temperature and lower
electron densities are found in the downstream exhaust, it ap-
pears that we do not achieve even a two-temperature equilibrium
plasma within our apparatus. This situation has already been
suggested by the rather constant level of the electron temper-
ature throughout our system, indicating that while electrons
receive energy from the electric field and later from elastic
collisions with heavy particles, they continually transfer
heat to excited states. The ionization level of the plasma
thus derives from the kinetics of electron-atom inelastic en-

counters.

We may compute the mean distance travelled by an atom
before ionization from our knowledge of electron density and
temperature, if we assume that the ionization reaction kinetics
are dominated by a simple one-step electron-atom excitation
process. In argon, the first excitation potential (11.5 eV)
is quite close to first ionization potential (15.7), so that
excited atoms may be readily ionized. (We note that the actual
reaction kinetics may be considerably more complex, so that we

only obtain a rough estimate of ionization rate from this
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approach.) The collision frequency for excitation may be cal-
culated by considering the cross section for reaction as a
constant ramp increase from a threshold energy, and integrating
the tail of a Maxwellian electron energy distribution above

this level. For kTe = 1.5 eV, we have:15

EX _ —18 _3 ~ ion _
1/ o = (3.9 x 10 n /sec)ne l/eA (3-4)
. N 20, 3 L
with n, = 3 x 10°7/m~, the mean free time is:
¥ 8.5 x 10 2 (3
v ion - 8.5 x sec -5)

In the back portion of the arc chamber, we again let lLﬁ’lO3

m/sec to obtain the distance travelled by an atom before it
is ionized:

~ -1
Aiop $85%x10 " m (3-6)

Further downstream, the flow velocity increases by
about a factor of 10, but the electron density has a similar
increase, so this distance remains about the same. We note
that it is much greater than the chamber height (5 cm), so
that we cannot expect complete ionization within the arc cham~
ber by a simple two-step process. This correlates quite well

with the failure of the quasi-equilibrium formulation.

We may estimate the distance from the injectors at
which the argon flow is ionized one percent by means of a
simple depletion formula:

/)
n(x) = n_e Aion (3~7)
For n/nO = 0.99, we have:
x = Ao, A (1.01) = 0901>\ion 58)

Pl

~ 0.85 com
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This is small in comparison to the extent of the cathode re-
gion, so we again find that the ionization level in this re-

gion is better than a few percent. After 5 cm of travel down-
stream, we would have an ionization level of about ld—l, "This

is also consistent with previous estimates.

Spectroscopic evidencell tends to confirm these re-
sults. The appearancé and intensity of various lines are, to
some extent, indicators of the ionization level or, in our
case, ionization progress of the plasma. For example, the Hg
line is quite prominent throughout the discharge, requiring
the existence of at least some atomic hyvdrogen everywhere in
the chamber. Molecular carbon lines appear throughout the
cathode region but become weak in the cathode jet. On the
other hand, doubly ionized atomic carbon appears only in the
cathode jet. This indicates that the ionization level is

higher there than elsewhere in the arc chamber.

We may conclude from our discussion that the minimum
level of ionization of the plasma in the cathode region pro-
gresses from a few percent at the back of the chamber to some
tens of percent downstream of the cathode tip. With a better
knowledge of the composition of our plasma, we may proceed to

consider its electromagnetic and mechanical properties.

Debve Length

The Debye length is a measure of the collective nature
of a plasma. On a scale smaller than this length, individual
charges interact by means of their Coulomb fields. Over larger
distances, particle motions are determined by the fields that
result from the overall distribution and motion of charges.
Thus, the Debye length provides a delineation between micro-
scopic and macroscopic interactions of charged particles in a
plasma. It is also the characteristic distance over which a
plasma may deviate from quasi-neutrality and thereby support

electrostatic fields.

In Table 3-1, the value of the Debye length, AD , is
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computed for two typical electron densities, at an electron
temperature of 1.5 eV. We see that, in both cases, it is much
smaller than any dimension of interest so our working fluid

is always a quasi-neutral plasma.

An interesting quantity involving the Debye length is

AN, the so-called plasma parameter. This is the ratio of

A» to the impact parémeter for a 90° deflection of an elec-
tron by an ion. Computation of the Coulomb cross section
assumes a binary interaction between a charged particle and
each charge within one Debye length. If A is large, then
weak deflection-binary collisions will predominate and a sta-
tistical approach may be used to compute the collision fre-
quencyo16 When A is not large, strong deflection-many body
collisions prevail and the computational approach loses va-
lidity. The criterion separating these cases is, .Zn A 1.
From Table 3-1 we see that this is not exceedingly true in our
case., Thus, we are only approximately correct in employing

the results of such calculations in our work.

Electrical Conductivity

An important plasma property that results from the
calculations indicated above is the scalar electrical conduc-
tivity. For a fully ionized gas, this is essentially a func-

tion only of the electron temperature. We have:16

3/2_
o, = CTe o
A A (3-9)

i

= (i.53x107%) TL¥2
e N , 2=1

where C is a constant for a particular ionic charge number,
and _&n A expresses the rather weak dependence of OUo on

the charged-particle density.
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In a partially ionized gas, electrons can collide with
neutral particles, so we would expect Oo to depend on the
ionization level. However, as mentioned earlier, Coulomb col-
lisions predominate above an ionization level of a few percent.
Thus, we should be able to use the above expression in our
situation. This is confirmed by Nighan17 who has computed the
electrical conductivity of partially ionized noble gases as a

function of temperature, over a wide range of ionization levels.

For an electron temperature of 1.5 (+ 0.5) eV and an
ionization level between 3% and 100%, we find that the conduc~
tivity is fairly constant throughout the cathode region at
8.1 (+ 5) x 103 mho/m. The error bars reflect the higher values
of O, associated with upper estimates of kTe and the lower
values for lower levels of ionization. Considering a change
in ionization level from 3% at the back of the chamber to say
100% beyond the cathode tip, the conductivity would increase
from 3.2 to 5.85 kmho/m, for kTé = 1.5 eV. This is a rather
moderate variation and reflects the diffuse nature of the arc

conduction pattern at high-current levels.

It will later be shown that, when the ion velocity
perpendicular to the current flow is zero, the electric field
parallel to the current is just E,= 3/0% . We expect
this condition to occur near the back wall of the chamber.

At r = 1/2 in., where j &= 1.4 x 107 A/m2 and E, is about
7 x 10° V/m, we obtain Oy & 2 x 10°

ment with the theoretical results.

mho/m, in fair agree~

Electron-Ion Collision Frequency

From the electrical conductivity, we obtain an esti-
mate of the frequency with which electrons lose their directed
motion in collisions with ions. The Lorentz conductivity of

a fully ionized gas is:

O—L - Mee. CL (3“’10)
e Vel
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So the collision frequency of electrons with ions is

Ver = Mg e’ — e e"‘ﬁ
Me O e Of (3~11)

where we reverse the correction due to electron-electron scat-
tering so that we may. use the computed value of conductivity
for a fully ionized plasma (from Spitzer,l6 Ce/g =¥ = 0.582
for an ionic charge of unity). With kTe = 1.5 eV, we have:

(4.1 x 10)"12m3/sec)ne

Z/ei
(3-12)

= 1.23 x 10°/sec For n_ = 3 x 1020 /3

The mean free path of an average electron, estimated
using the electron thermal speed, is shown for two values of
ng in Table 3-~1. We see that it is small compared to dimen-

sions of interest.

Equilibration Times

In the same manner as the electrical conductivity, the
time for a collection of charged particles to establish itself
with a Maxwellian energy distribution may be computed. From
Spitzer we have (with units modified) :

(1.43 x 1013)al/2 3y 3/2

te ) (3-13)
n z J%tJﬂ
e
where ne Im >1
kT [eV]
A = mass of particle in AMU = 1/1836 for electrons.
Thus, for electrons with kTe = 1.5 eV,
. - 6.15 x 107%
c n
e
(3-14)
=3 x 10—-lo sec ; for n, = 3 x lOzo/m3
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To check that the electrons have a Maxwellian energy
distribution, we compare the rate at which energy is dis-
tributed among the electrons to the rate at which energy is
transferred to and from them. This latter process includes
both elastic energy exchange with ions and inelastic en-
counters, such as ionization. It is characterized by the

electrical power dissipated in electron current conduction,

3 /oe .

The highest current density present in the cathode
region is at the cathode tip where j = 5 x 10’ A/mz. So

(3-15)

W/m

The energy transferred among electrons may be repre-
sented as:

(3-16)

where ng and tC have been adjusted for the higher density at
the cathode tip. Even in this extreme case we see that the
electrons should maintain a Maxwellian energy distribution.

We note that the inequality is not astronomical, which is con-
sistent with the view that the electron temperature is deter-
mined by current conduction in the presence of inelastic phe-

nomena, such as ionization.

To apportion the resistive heating in the plasma to
elastic and inelastic processes, we must consider the heat
transfer between electrons and ions due to elastic collisions.
Spitzerl6 provides a formula for the time required to estab-

lish two swarms of charged particles at a common temperature.
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We have:

1. = (Z3x10"™) A he (la'ﬁ + RTe 2
ea T N
Me Ez—z»&'z-/\ Af. Ae,

~ (734 x10'*)AiAe ( kTe )’3/2-
fnefZfoﬁi_A Ae
(3-17)

_ 5—37)\‘D|5
Me

= 113 % /0 e ,

Ale=3X10%° ym3
R76 =/ 5 eV

With a plasma speed of 103 m/sec back in the chamber,
we have a characteristic length for ion-electron equilibration
of about 1 cm. (In the cathode jet, the density increases
along with the velocity so the distance there is about the
same.) We note that the length for energy equilibration should
be about the same as the distance over which the motion of an
ion will be affected by electron collisions. This indicates a
reasonable degree of coupling of ions to electrons by means of
elastic collisions.

Distribution of Resistive Heating

We may now compare the heat transfer rates due to re-
sistive heating, elastic collisions, and ionization. With the
equilibration time just computed, we may write the heat trans-
fer rate from electrons to ions as:

e RTe = o x 10 Cwim3 (3-18)
e

The energy transfer rate for ionization is the product of the

frequency of ionization reactions and the effective ionization
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energy (cost/ion):

A E e — 7le 6‘- & EF
’l\:/onl o4 g (3“19)
(J-—o<> rent
where Q:ion is the time for a single atom to be ionized.

As a representative current density within the arc
chamber, we take J 2 10° a/m?; so that 37, @ 2.5 x 108 w/m3.
Then, requiring that:

t
e RT + ./VLa € erF

teq \/Eloq (3-20)

\“0(

3°
O

we may examine the ionization of the plasma. Rearranging, we
obtain:

— /V\e (.e:FF
Jtlod — =
\—v«> j/o_—mek‘T'e.
o - 't.eq)

(3-21)

]
x (.2 x]0 sec,

20
/yZe: 2x /0 /m3

where we have assumed that Eigee =4&E: .

The product ( o« /i —0o& )tlon reflects the ionization
progress of the plasma. When R 1is small, the characteristic
time for ionization is long. As the gas breaks down, the pos-
sibility of further ionization increases, so Q:ion decreases.
Wwith K = 3 x 10“2, we have

. =4x 10 7% sec (3-22)
ion
in good agreement with our previous calculations, in which the
ionization time was computed directly from the electron
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temperature. Thus, our experimental data and theoretical anal-
ysis are consistent in terms of an electronic heat balance. The
minor influence of elastic collisions in this balance indicates
that the electron temperature is indeed limited by inelastic
processes. We note that (X / 1 —4*)Qion decreases rapidly as

we enter regions of higher current density. We therefore ex-
pect the ionization level of the plasma to increase well above

a few percent near the cathode surface, even at the back of the
arc chamber.

Heavy Particle Interactions

In principle, calculations similar to those above may
be performed to illuminate heavy-particle interactions. Un-
fortunately, our merely qualitative knowledge of ion temperature
and plasma composition limits us to rather crude estimates;

these may, however, prove sufficient for our purposes.

Ion-Ion Mean Free Path

For example, the ion-ion MFP for energy equilibration
or momentum exchange depends on the ion temperature and flow
speed. In Table 3-1, we compute Ag; for two extreme values
of ion temperature, kTi = 1.5 eV and 20 eV. We find that, in
both cases, this distance is smaller than the extent of the
cathode region. While we may not be able to follow the ion
energy ‘and momentum distribution in detail, we can reasonably
speak of an ion fluid velocity and therefore use a magnetogas-
dynamic analysis. (The criterion is that the ion velocity is
well-defined on the scale of field variation; so that
-

u x B = (3 x B)

aver aver’ averaging over the volume of interest).

Ion-Neutral Collision Distance

As indicated earlier, the interaction of jions and neu-
trals depends on the exact level of ionization of the local

plasma. We may write the distance travelled by an ion before
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colliding with an atom as:

P
Nip = —
A MR

(3-23)

where QiA is the total cross section for ion-neutral momentum
transfer, including charge-exchange reactions (which are par-
ticularly important for argon). For relative energies less
than a few hundred volts, the total cross section is greater

than about 4 x 10_19 mza In terms of the degree of ionization,

/\’P ~ ( K ) {
cA | —o< ) M Ria (3-24)
So, for A = 3 x 10 2 and n, = 3 x 1020/m3, we have:

2 2.5 x 10 *m (3-25)

A,

(¥

This is quite small compared to the dimensions of the
cathode region. For a mean free path greater than 1 cm, we
need an ionization level above 50%, at the above density.

Reversing our point of view, the distance travelled
by a neutral particle before collision with an ion is:

Ai’ ~ / -8 —3
pe Yo = .3 x 10 n
eQ;A (3—26)

For n, = 3 x_lOZOAn3

Thus, we may expect several ion-neutral interactions before
particles leave the arc chamber. It appears, therefore, that
the ions and neutrals are rather well coupled in the cathode
region. In view of the small ion-neutral MFP, at low degrees
of ionization, compared to the scale of field variation, we
may represent this coupling as an increase in the effective
mass of the ion:

M zee = [_\+ (&, An /I_)JML (3227)
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where £(o, AM/L-) expresses the degree of coupling, and its
importance over a distance L . Essentially, we may treat the
ions and neutrals together as a single fluid, taking care to
correct terms involving charge transport or electromagnetic
body forces. (For high levels of ionization, this approxi-
mation is no longer valid, but neither is it very important

since few neutrals are present.)

Magnetic Interactions

The connection of the plasma to the magnetic field

of the discharge occurs at two levels. The charged particles
that give the plasma its electrical character experience di-
rectly a force due to their motion in the magnetic field.

The extent to which this force is important in the trajectory
of a particle depends on the size of the magnetic gyro radius
compared to collisional mean free paths and the dimensions of
the region of interest. On a macroscopic level, the plasma
flow and the magnetic field are coupled through Faraday's law
for a moving conductor. The degree of coupling is determined
by the conductivity of the plasma and its velocity across the

magnetic field.

Gyro Radii

The radius of gyration of a charged particle in a
uniform magnetic field is:

VL

% = Ze®

(3-28)
where V. 1is the particle speed in the plane perpendicular to
the magnetic field and Z€& is the particle charge. For an
electron, we have:

vi = Me (2 RTe /e )™ = (2me RTe )‘/L
e.® e

(3-29)
s

= 2.95 x10" "
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for a representative value of B = 0.14 w/m2 and kT_ = 1.5 eV.
This is quite small on our scale of interest. For argon ions,
at the same temperature, we have:

o: = 271V ye = B 107> . (3-30)

Again, this is less than the dimensions of the cath-
ode region. Thus, we are assured that the magnetic field can

be of importance in our operation.

Hall Parameters

The actual influence of the magnetic field depends on
the relative frequency of deflections of the particle path due
to the magnetic field compared to collisions with other types
of particles. This is expressed by the Hall parameter, the
ratio of gyration frequency to collision frequency. For elec~

trons in a moderately ionized gas, we have:

She = Woe = eBZ""\__e .
Vel Vel (3-31)

= 20 for conditions as above

This is a rather high value and indicates that the electron
density in the cathode region is higher than estimated from
the electrostatic probe data.

For argon ions, again at 1.5 eV, we have a total col=

lision frequency of:

NS
( kT, )

yoa b o4 (EEE)Y/ e
Ve T me Nia (3-32)

teq

where the first term accounts approximately for electron-ion
collisions, and the second assumes that the ion and neutral
fluid speeds are the same. For oK = 3% and n, = 3 x 1020/m3,
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we have:

2

;= 2.8 x 10 (3-33)

[N

As the ionization level increases, however, Jv; also
increases, so that near the cathode, it may exceed 0.5. Thus,
as we approach the cathode surface, the importance of the mag-
netic field increases. This is because of the higher ioniza-
tion levels associated with higher current densities; in addi-

tion to the increase in magnetic field strength.

We see that, as expected, the magnetic field exerts a
considerable influence on the motions of charged particles in
the cathode region. On the other hand, the magnetic field is
itself determined in part by the collective motions of charged

particles.

Magnetic Revnolds Number

It will later be shown that the degree of coupling be-
tween the plasma flow and the magnetic field is characterized
by the magnetic Reynolds number based on the electron flow

speed, written here as:

Rme = O tto e L (3-34)
For ®Rme>> 1 , coupling to the flow is strong and
the field lines distend downstream. If @Rme <K 1 , on the

other hand, the magnetic field distribution is determined by
the electrode geometry and the conductivity distribution.
The latter case is the usual thermal arc, while the former is
an aspect of high-current MPD accelerators. In our situation,
we have O = 8(+ 5)kmho/m and u_ =& Jj/n e 4 2 x lO4 m/sec
for j = 10° A/mz, So © ®

Rme = BT O L o L lmuzim]

J

= 2 (£i.2s)L., L Leml (3-35)
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For QRme=1 ,

L_@ = Bmm. 7o [Bem. (3-36)

This distance delineates between the two extremes.
Thus, on the scale of the cathode region convective effects
are significant. (As we approach the cathode surface, the
current density increases inversely with L ; so coupling im-
proves in this direction only because of the higher O at
higher ionization levels.)

From both microscopic and macroscopic points of view,
therefore, we are justified in differentiating our device from

the usual (thermal) arcjet by the term magnetoplasmadynamic.

Summary

In Table 3-1, we collect the quantitative results of
our discussions in terms of characteristic distances for in-
teraction. We see that all such distances are smaller than
the dimensions of the cathode region, with the exception of
the ionization mean free path. The relative size of this
last quantity indicates the chemical nonequilibrium of our
flow and suggests the progress of ionization from a few per-

cent to some tens of percent through the cathode region.

For all other processes, the scales of events are
sufficient to place us in a transition flow regime (as opposed
to free particle on continuum flow) with respect to coupling
- between different types of particles within the cathode region.
We find, however, that the electrons can maintain themselves
with a Maxwellian energy distribution at a temperature of
about 1.5 eV; determined by a balance primarily between re-
sistive heating and cooling due to ionization. Although we
cannot treat the plasma exactly, we may utilize both gasdy-
namic and particle kinetic approaches to reveal various as-
pects of the problem. (This was anticipated by the free par-

ticle vs. continuum models for the MPD arcjet.) We note that
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slightly higher charged-particle densities (than indicated
by our measurements) do not radically change this situation,
since we remain in the transition flow regime. The exception
is again ionization which would progress faster to higher
levels. It is important to keep in mind that the dimensions
of the cathode region are not fixed. Rather, they are de-
termined in the same manner by which the cathode fall extent
of a glow discharge depends on collisional MFP's or viscous

boundary layer thickness depends on Reynolds number.

The magnetic field complicates matters further. We
find that its effect on charged-particle motions is gquite sig-
nificant. In particular, the electron Hall parameter is much
greater than unity upstream of the cathode tip, suggesting
tensor and/or ion current conduction there. The scalar elec-
trical conductivity of the plasma is rather uniform throughout
the cathode region at O = 8 (+ 5) kmho/m. This reflects the
diffuse conduction pattern in the cathode region at high-cur-
rent levels, similar to the diffuse mode current attachment
at the cathode in static, high-current arcs. The high con-
ductivity and estimated electron flow speed together indicate
substantial coupling of the magnetic field distribution (and
thus the conduction pattern) to the plasma flow. At higher
charged-particle densities, this coupling diminishes some-
what. On a microscopic level, collisional MFP's become more
important compared to gyro radii. While in continuum terms,
the electron flow speed for a given current level decreases
so the electron magnetic Reynolds number is smaller. Magnetic
interaction still occurs but at locations closer to the cath-
ode surface. Thus, as with collisional phenomena, our physi-

cal picture remains the same.

In a few long words, then, the cathode is enveloped
by a magnetoplasmadynamic transition flow of ionizing gas.
We now proceed to examine the electromagnetic structure of
this flow.
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CHAPTER 4
DISCHARGE STRUCTURE

The electromagnetic structure of an MPD discharge re-
sults from the conduction of high current through low density
gas. The high-current level creates a substantial magnetic
body force in the plasma, leading to high flow speeds. The
plasma flow in turn affects the current conduction pattern and,
thus, the magnetic body force distribution. At these strong
magnetic fields and low particle densities, electron Hall pa-
rameters often exceed unity, so tensor and/or ion current con-
duction may prevail. We shall now analyze the experimentally
determined electric and magnetic field distributions within
the cathode region to reveal current conduction and plasma ac-

celeration processes.

Voltage Distribution

The voltage distribution through a discharge may be
used to delineate regions of interest. Typically, we have high
field layers (rapid voltage changes with position) associated
with both electrodes, separated by a moderate field region or
. column. In Fig. 4-1 the plasma potential is piotted versus ra-
dial position within the arc chamber for three representative
stations along the cathode. Plasma potential was obtained from
floating probe data by the subtraction of Av = (kTe/e),éhm
(margon/me)2 from the values shown in Fig. 2-11. (As mentioned
there, this is only approximately correct since we do not know

the exact ratio of ion-to-electron saturation currents.)

We see that the field zone of the cathode extends one

or two (base) radii from the cathode surface and involves over
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80% of the total arc voltage. Within the cathode field zone,
a sharp voltage change occurs adjacent to the cathode surface.
We shall refer to this increment (of 38 V) as the cathode fall.
A voltage drop of 80 V to 90 V occurs across the rest of the

cathode region, where, as we have seen, a transition flow of

ionizing gas exists.

The cathode region may thus be separated into a cath-
ode surface layer or sheath, and a more moderate field, dquasi-
neutral envelope. The first region is similar to that in more
common arcs, while the second resembles the cathode region in
a glow discharge, in that it is many MFP's in extent and sup-
ports a rather large voltage difference. In this latter re-
gion, ions (and potential ions) are brought to the vicinity
of the cathode surface, where bombardment and electron emission
occurs. We have previously referred to this region as the

convective zone. Our primary concern in this chapter will be

with the operation of this portion of the cathode region.

We note, in passing, that the remainder of the arc
voltage (about 20 V) may be associated with conduction across
the injected flow of argon atoms, since their ionization po-
tential is numerically similar (15.7 V). The resistive field
across this flow increases until sufficient ionization reac-
tions occur to provide additional charge carriers. (Hence,
we expect the voltage drop to resemble the ionization poten=-
tial). In our case, the anode is rather removed from regions
of high particle density so we associate the voltage drop be-
yond the cathode region with the injected gas, rather than
with a neutral gas layer at the anode surface. The anode then
behaves merely as a probe, whose sheath voltage is determined

from electrostatic probe theory.

Overall Discharge Structure

In Fig, 4-2 we present a combined plot of enclosed
current contours and equipotential lines. The current lines
have been smoothed within the error bars of the data, while

the values of the potential contours have been adjusted to
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represent plasma potential more accurately. Several things
are immediately revealed by this plot.

First of all, we see that the current flow is not
everywhere parallel to the electric field. At first glance,
this suggests tensor current conduction in much of the cath-
ode region. The exact mechanism of conduction, however, de-
pends in part on the plasma flow (back emf) and will be con-

sidered in detail later.

We also see the distribution of electrical power within
the arc. At each area, this is just the product of the current
enclosed between adjacent contours and the voltage difference
between equipotentials. The total electrical power input to
the arc (2.45 MW) may be apportioned approximately to various
regions of the discharge as follows: (Note that at the junction
of the cathode base and insulator backwall, the enclosed cur-
rent is 14 kA; thus 3.5 kA travel very close to the insulator
there. Since this insulator is seriously éroded, we label this
area the ablation fet.)

o ——————

e —# ——— — o/
AV Jen ‘Total o]?ow'ﬂ'er
Cathode fall........ 38V 17.5 kA 27.0
Ablation jet..cc.... 90 V 3.5 kA 13.0 85.7%
Cathode plasma..... . 80 V 14.0 kA 45.7
Elsewhere in
arc chamber........ 14.3

A direct result is that 85% of the total arc power is
deposited in the cathode region. We also see that more than a
quarter of the total power is involved in the cathode fall.
This indicates that the cathode surface layer may have an im-
portant role in plasma acceleration. Since we expect pressure
gradients to be significant near the cathode surface, a con-
tinuum or electrothermal aspect of MPD arcijet operation is

suggested there.
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The distribution of electrical power correlates with
the luminosity pattern shown in Fig., 2-~3e. Regions of more
intense power deposition are most prominent. For example,
the bright green regions, labelled as ablation jets, involve
over 12% of the total arc power. Downstream of the cathode
tip, a smaller amount of power is deposited in a somewhat
smaller volume, but in the presence of higher particle densi=-
ties, so that this region is quite bright. Beyond the cath-
ode region, however, the small fraction of arc power remain-
ing is distributed over a large volume and little luminosity
is evident. The overall picture obtained from the field pat=-
terns confirms the impression provided by the light intensity
distribution: The cathode region is of primary importance in

MPD arcjet performance.

Current Conduction

Electric current is the relative motion of opposite
charges. In an MPD discharge, the curfent conduction pattern
and the electric and magnetic field distributions form a dy-
namical system, coupled through the equations of motion of the
oppositely charged species. As we have seen, the electron en-
ergy equation establishes the nature of the plasma) in terms
of a balance between resistive heating and ionization. We
shall now show that the electron momentum equation provides a
link between the field structure and the conduction pattern.

Previously, we obtained that the collisional MFP's for
an electron are much smaller than the dimensions of the cath-
ode region. The velocity of the electron £luid should, there-
fore, be well-=defined and we may write its momentum equation as:

Me M’\e,.Duh..; = —Meé& [__E + Ue ""g]" Vie — Me.me(ﬁe"ﬁ;‘-ycp (4-1)
Dt

The last term approximates the drag force of the ions
on the electrons by means of the collision frequency for.
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momentum transfer (we choose this form for its simplicity and
because it leads to a result that is consistent with Ohm's law
for less involved situations). We have ignored collisions be-
tween electrons and neutrals since the ionization level is
above a few percent. Included in this neglect is the force
associated with accelerating new electrons created by ioni-
zation. This term is much smaller than the ion-electron drag
force since the electron collision frequency for ionization is
much lower than that for elastic momentum transfer with ions.
As indicated above, electron-neutral collisions influence the
situation through the electron energy equation. We note that,
if our approach is valid, the ion fluid velocity should also
be well-defined. Again, our previous calculations show that
ion collisional MFP's are smaller than field dimensions, so

that the ions can establish a meaningful average velocity.

Both the collisional mean free path and gyro radius
of the electron are much smaller  than the dimensions of our
region, so the scale of the electron acceleration process is
much smaller than that of interest. For this reason, we neg-
lect the inertial term on the left in our equation. In this
approximation, electrons respond immediately to the force
structure created by the fields and plasma flow. We now re-
arrange our terms to obtain the relationship between the elec-
tromagnetic fields and the current flow.

The collisional term may be written as:

—MmeMe (Re~ WU = me v F (4-2)
€. =1
SO
/YY\&VC_? - = &0 —'_h] |
MeVe o . meelE FUer B ""VP@ (4_3)
[
Then

T= Meer | E o UaB + VR |
"me_, VC’,P :’V\e_e.
(4-4)

= U-o\_:é- +\_X&&T§ -+ Y__P‘é-_]
Me €
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where we write the proportionality constant as the scalar
conductivity, discussed earlier. (Our purpose here is to
display the influence of the magnetic field and pressure gra-
dients on current conduction, not to repeat the sophisticated
analyses of electron collision phenomena.) We have used 125
in a symbolic way to relate the current density and the col-
lisional drag force, both of which involve the relative motion
of opposite charges. For a moderately ionized gas in which
the ionic charge number is unity, our equation may be deduced

from other forms of Ohm's law for a plasma flow.

The Electric Field

It is common to express the current density as a func-
tion of the electric field, as we have done. It is also mis-
leading. The independent variable in our operation is the
current level. The voltage distribution is determined by the
conductivity, magnetic field and plasma flow that result at
this current level, for a given particle (and mass) density.
In analogy with fluid flow in a nozzle, we prescribe a certain
mass flow and the pressure distribution is then determined.

If the pressure at some station is inconsistent with other re-
quirements, then either a pressure jump occurs or the input

mass flow must change. Similarly, if the voltage required for
current conduction is inconsistent with other physical processes,

either sheaths will form or the total current will adjust.

Thus, the electric field in a plasma arises from the
need to conduct current in the presence of collisions, mag-
netic fields, and pressure gradients. So, we should actually

write:

(4-5)

E ‘____.77":"_'7’/7&,"‘% — VPE.

g
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Eiectron Motion

From our generalized Ohm's law, we may derive for-
mulas for the electron motion parallel and perpendicular to
the current flow. We have:

— e,

Iek§= d/ '—<E+ VFe .-:.j -—_EI
o ,mee> /o , (4-6)
Me €&

Then the electron velocity parallel to the current flow is

-t
obtained from the vector product of the above equation with j:

‘;K(Eak’é‘) = "‘"ij
= Ne (F-B)—B (31U
e (7+B) ) e
= “'g*juen
SO
— — — f —_— -
hew = B2 (I2E) = -E' . (ixB)
4 B* B o= (4-8)

where Wey is the component of iie parallel to 31 Defining

E;{ by the scalar product above, we have:

/
Uew = — E. (4-9)
2

wr—n

-
For the component of MW perpendicular to j, we use
the scalar product of j with Ohm's law:

—
-

. -2
J ’(UeXB>= j/CY}, - J-

E'I
(4-10)

- B -(GxB) = - UL 3B
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So

ueJ_ = EII - j'/O';
B (4-11)

We note that Ue, = Wy since ﬂ¢50 . The other component

of ion velocity is related to We through the current density:

Wy = 0 o+ Uey = T — E/

e e = (4-12)

Expressions of such simple form are normally found only
in certain special situations. (For instance, Weu= —Ei /g
is usually related to the cross field drift of a collisionless,
gyrating electron.) Our results obtain, however, because of
the special way we have chosen components. The current den-
sity, magnetic field, and ? X E‘force in this sense provide a

natural coordinate system for a magnetoplasmadynamic discharge.

The usefulness of these formulas derives from our know-
ledge of the electromagnetic structure of the discharge. We
are in reality solving the problem in reverse. The current den-
sity, ion velocity, and particle density define the electron
motion. The magnetic field and pressure distributions are also
coupled to the geometry of current conduction and the mechanics
of the ion flow. The electric field distribution is a result

of this dynamical system.

Ton Motion

This viewpoint is particularly important in understand-
ing ion acceleration and current conduction. We may write the

ion momentum equation as:

LN E_‘_‘: = T, e LE -+ ZZ AEJ = VPl 4 mMemMe (ﬂ¢4—£‘~)z‘f€4_l3)
Dt .
+ Fia

where the last two terms represent the force due to collisions



66

with electrons and atoms, respectively. Substituting for the

electric field, we have:

L

%

= AMee (Z—t-:‘ ~ULIKB — V(P +Pe) + EA
(4-14)

= 4B — V(R R + T,

It is important to note that in this equation the net
electrical force acting on an ion in a plasma is the'i x B
force. Ion acceleration occurs only in this direction, which
is not necessarily parallel to the electric field measured in
the laboratory. The measured electric field includes a re-
sistive component which arises to balance exactly the collision

drag force between ions and electrons.

Neglecting pressure gradients, ions will participate in
current conduction only insofar as the gkx B force in one part
of the discharge accelerates them parallel to the current den-
sity further downstream. Examining our current pattern, we
see that the'g b1 E’vector does not change direction much in
the cathode region. This indicates that ion motion may always
be normal to the current flow and, therefore, electron current
will predominate. We may investigate this further by con-

sidering the ion kinetic energy.

Returning to the ion momentum equation, we include the
effects of ion-atom collisions by the addition of the atom

momentum equation:

m,q./fmg?;tn = —7Fa — VP4 (4-15)

Assuming good coupling between ions and atoms, based

J N ]

on our previous computations, so that Ua = W, ; we have:

R --.—"‘> c—— 4_
ALALU = jx@ - VP (4-16)
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where P, is the total plasma pressure (Pi + Pt PA) , and

n = n; + Ny. In terms of the ionization level, then:

—_

Dh = TiR — VP (4-17)
Dt

o

Me
K

The kinetic energy of a heavy particle due to accel-

—— —-—
eration by the j x B force is then (in volts):

e= [ 1B dx, =f X 3B dx, (4-18)
rme- .fV\ee..

The maximum energy acquired by an ion occurs when oK = 1.

If the electrons carry all the current, we have:

4B = /V\.e_ e &, (4-19)

so the maximum kinetic energy of an ion is:

€ =fE,L XL =/ Evdt - (y-v.) (4-20)
Acdg K 4
Alavg X L

where we note that the ion motion is parallel to '2; under
these conditions. Thus, the maximum ion kinetic energy is
just the voltage difference along its path. For this maximum
condition, we assumed O\ = 1, with all ions created at the
beginning of the acceleration path. Therefore, since Vb is
about the same for all trajectories in the cathode region,
the maximum ion kinetic energy at any location just depends
on the local voltage.

On the other hand, we have the case of strictly ion
current. The maximum kinetic energy of an ion is obtained when
its motion is collisionless, since energy is otherwise lost to

electrons and atoms. This maximum energy is given by the
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voltage difference along the ion's path from its origin. If
we again assume that ions are all created at the same poten-
tial, Vb, in the low field region near the injectors (since
this provides the maximum voltage difference), then the ion
kinetic energy is again determined at any point by the local
voltage.

From the measured distributions of electric and mag-
netic field and current density, we may compute the electron
speed normal to the current flow. Since this is also the ion
spéed in that direction, we may therefore calculate the ki-
netic energy associated with ion motion normal to the current
flow. We also know the voltage at the same location, so we
may compare this kinetic energy with the maximum possible ion
kinetic energy. In this way, we may assess the distribution
of ion energy to motion parallel and perpendicular to the
current flow.

We perform this comparison by calculating the conduc-
tivity of the plasma from the field data, based on the maximum

possible ion speed normal to the current flow. We have:

Wei = UL < ( Z2€e (V-Ve) e
me

(4-21)

so, the scalar conductivity is:

3
. - ) '/

3
i
d

IN

(4~22)

If we ignore the electron pressure gradient effects,
we find that O, is less than or equal to the value previously
computed from the electron temperature, everywhere in the cath-
ode region, except near the cathode surface and near the gas

injection region, where it is much higher (see Fig. 4-3).
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These latter cases indicate that strong electron density gra-
dients (associated with the cathode surface plasma and gas
ionization, respectively), supplement the electric £field mea-
sured in the direction of current flow. (That is, E,,/>' E, ,
in these regions.) Thus, ion motion normal to the current
flow accounts for essentially all the ion kinetic energy, and
we may conclude that little energy is associated with ion
motion parallel to the current £flow.

Our present results are based on the nature of the
plasma and the voltage distribution within the cathode region,
while our previous estimates of ion motion derive from the
geometry of the current pattern. The consistency obtained
assures us that the convective zone is characterized by elec-
tron, rather than ion, current conduction. Ion flow paths
are shown in Fig. 4-4, along with the ion speed at various
stations. It was assumed here that the ionization level was

unity, so that with j = je the ion kinetic energy is just:

FB . _ (-
(‘:‘: = f_?___é._ dx. = (V VG)AI—DNG Xa (4-23)
e

It is important to note that our integration termi-
nates near the centerline (or cathode surface) of our device,
since pressure gradients must be included there. Above all,
observe that the relation between ion kinetic energy and volt-
age obtains only along an ion trajectory parallel to the ?lx B
force. Again: The net electrical force on an ion in a plasma
discharge is the'g x B force, not the gradient in electric po-
tential. The ion does not lose its kinetic energy in leaving
the vicinity of the cathode as would be implied by a collision-
less, electrostatic acceleration model. The force exerted on
the ion by the electric field in the cathode jet is exactly
balanced by the collision force of electrons.

The Cathode Plasma Revisited

Given that all the current in the convective 2zone is
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carried by electrons, we may compute the electron density

from the field data. We have: j = je = neeE /B. So

Me = 4B
e E.

(4-24)

We observe that this equation expresses the balance
of electric and magnetic forces on the electrons in the di-
rection normal to the current flow. If this balance did not
occur, electrons would accelerate away from the ions in this
direction, violating the condition that j, = 0.

Using this formula, we compute electron densities that
are about an order of magnitude higher than our estimates based
on the electrostatic probe data. As indicated earlier, elec~-
tric probe results will tend to underestimate particle densities
because of collisional and magnetic field effects. Such mea-
surements are important as lower bounds on the particle den-
sities since we needed to justify the use of a magnetogasdy-
namic formulation before we could proceed. We note that the
electron velocities parallel to the current are everywhere
greater than the maximum ion velocities, so that ion contribu-
tion to the current conduction will not greatly affect the
plasma densities computed by the above formula. Such densities
are displayed in Fig. 4-3 at various positions in the cathode

region.

As already indicated in the previous chapter, higher
. charged-particle densities imply higher ionization levels and
more nearly continuum flow. These changes improve the appli~-
cability of the MGD formulation. The dominance of the elec-
tron current conduction process is further assured by the
highervvalues of O computed from the electron temperature
at higher ionization levels. |

Electron Pressure Gradients

Our computations indicate that the charged-particle
density does not vary greatly through the cathode region,
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except near the boundaries. Since the electron temperature
is also rather uniform, the electron pressure gradient does
not contribute significantly to current conduction in the
convective zZone.

At the edges of this region, however, we do expect
sharp changes in electron pressure. For example, the electron
densiﬁy should decrease rapidly as we approach the injector
orifices. This leads to pressure gradients both parallel and
perpendicular to the current flow. The addition of the latter
to E, in this region would reduce the computed electron den-
sity and thus remove the apparent but questionable increase
in density there. Further into the injector flow, the down~
stream progress of ionization introduces an axial pressure
gradient that may explain the inflection of the current lines
there, since no strong field effect is evident.

The increase in electron density at the cathode surface
reflects the plasma pressure Qradient that must exist there to
turn the radially directed ion flow into an axial exhaust. We
shall discuss the region further in the next chapter.

sSummary

We have been concerned with the flow of current and
plasma in the convective zone of the cathode region. The over-
all discharge structure indicates that almost 60% of the total
arc power is involved in this zone, while more than a quarter

of the arc power is associated with the cathode surface layer.

The motions of ions and electrons are considered using
a magnetogasdynamic formulation. It is seen that the electric
field in the plasma results from the need to conduct current
in the presence of collisions, magnetic fields, and pressure
gradients. The gradient of electric potential thus reflects
the conduction process; it does not determine the ion motion.
The net electrical force acting on the ion fluid is the'§ X B
force. |

Examination of the current pattern then indicates that
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the ion flow should generally be normal to the current flow.
While a minor amount of ion current may occur in some portions
of the discharge, considerations of the energy available to
the ion indicate that current conduction is primarily accom-

plished by electrons in a tensor manner.

The ion flow is directed inward by the'§ x B force
toward the cathode and the arcjet centerline. Radial flow
speeds of about 1.8 x 104 m/sec are attained near the cathode
surface, comparable to exhaust velocities measured in the ach
jet plume ( ~ 2 x 104 m/sec). Pressure gradients at the cath-
ode surface are required to turn the radial ion flow axially
downstream. Computations of plasma conductivity and electron
number density indicate that such gradients indeed occur.

This recalls the "pumping mode" of MPD arcijet operation.4 In
our case, this process is not confined to the cathode jet but

extends upstream over the lateral surface of the cathode.
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CHAPTER 5
THE CATHODE SURFACE IAYER

In the preceding chapter, we analyzed the discharge
structure in the convective zone and found that a high speed
plasma flow is delivered to the immediate vicinity of the
cathode surface. We also indicated that pressure gradients
should be significant near the surface. We now continue the
analysis of our experimental situation into this portion of
the cathode region, which we label the cathode surface laver

(see Fig. 5-1).

Three processes of critical importance to MPD arcjet
performance are involved here: Deflection of the radial plasma
flow into an axial, thrust-producing direction; protection of
the cathode surface from erosion by this high-energy flow; and
conduction of current across the cathode-plasma interface.

All this occurs within a few millimeters of the cathode sur-
face. Since this is beyond the resolution .of our experiment,
we must concern ourselves with the overall characteristics of
the plasma flow, and conduction and emission processes. Our
primary interest will be with the layer adjacent to the lateral
surface of the cathode. The cathode tip involves some special
phenomena that depend to a large extent on the flow along the
slope, and will therefore be considered later.

Nature of the Flow Problem

We may understand the nature of the flow near the cath-
ode surface by supposing that no deflection occurs, so that the
current density at the cathode surface is just the unobstructed

ion flow. Assuming recombination of these ions at the cathode,



76
DELINEATION OF THE CATHODE REGION

CATHODE SURFACE LAYER
CONVECTIVE ZONE
IONIZATION REGION
/ /—CATHODE JET
7 2

CATHODE TIP
LATERAL SURFACE

)

h2.5mm.

R~10 mm.

| DETAILS OF CATHODE SURFACE LAYER

FIGURE 5-I

seo2F ¥ Sz W

oz



77

the distance travelled by the resulting neutral atoms is:

>\ = V‘H\A = V-Hr\;\
Ao M; Vi Qal 41 Qnl
=z
(5-1)
~ 3.5 % 10_5 m
where j; = j # 1.5 x 10’ A/m%, Q,, # 4 x 10 *° m®, and Ve

is the mean thermal speed of the returning atoms, based on a
surface temperature TW = 3000° K, (an upper estimate used to
obtain the maximum value of Ma: ). This distance is much smaller
than the dimensions of the cathode surface layer ( & 2.5 mm),
so the incoming ions will experience many collisions in this re=-
gion. Thus, it appears that a continuum flow situation exists
near the cathode surface. Since the directed speed of the heavy
particles from the convective zone greatly exceeds their random
(thermal) speed, our problem resembles the interaction of a hy-
personic flow with a blunt body. Such a flow is too complex

to treat in detail here, along with the additional complications
of electromagnetic body forces and current conduction. We shall
therefore return to our magnetogasdynamic formulation to deter=-
mine the plasma flow from the electromagnetic structure of the

surface layer.

MGD Analysis Including Pressure Gradients

In the previous chapter, we saw that the effect of an
electron pressure gradient must be included in our generalized
Ohm's law calculations near the cathode surface. That is, the
electric field there is:

E“r7j~J&AE -l VP (5-2)
or

- 4 7P
Me & Me€ (5-3)
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where U is the velocity of our highly ionized plasma f£low.

We shall show in the next chapter that current flow
becomes normal to the cathode surface in a region adjacent to
the cathode. The criterion is that the magnetic Reynolds num-
ber based on the electron flow speed is small in this region.
In our case, we have:

Rome = ot el &, 28 (5-4)

3 4

with O 5 x 10~ mho/m, ug £ 1.8 x 10" m/s, and L (= h)

2.5 x 10—3 m. Thus, at the edge of the cathode surface layer,
our current f£low lines should turn to enter the cathode nor-
mally. Within the cathode surface layer, we shall therefore
simplify our problem by assuming that 3 and E are both perpen-
dicular to the surface (and are thereby parallel). We have
then that:

= - ] R a__.Pf
79 + WB e X (5-5)

where u is the plasma flow speed along the cathode surface.

Approximate Equations for the Surface lLaver Flow

Rearranging the last equation above, we have:

./Vlee Xt (5"6)
NOW,
E = 2
S Xy (5_”.7)

(Since all our voltages are negative, there is no minus sign
involved.) Then, assuming that the electron temperature re-

mains about constant at its value in the convective zone,
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we have:

where n, and n, are the values of electron density in the sur-

face layer and convective zone, respectively.

Noting that the surface layer is thin compared to the
radius of the cathode, we have that B is about constant with
respect to X« and may be removed from the integral on the
left. Also, 7= 7(7%) and j are constant through the surface
layer. Thus, if we write h as the thickness of the surface

layer, we may obtain the average speed along the surface u:
— 1 i y
nN = — jb\,d)(n
W

[AV+RT‘9_/,,,._/VI¢ _7jh] (5-9)

Bh

In this way, we are using our measurements of electric
and magnetic fields and current density near the cathode sur-
face as a type of MHD channel flow meter. We measure the volt-
age across the flow, correct for the resistive voltage drop
and pressure gradients, to obtain the back emf and then com-

pute W from the known (measured) magnetic field strength.

The density within the surface layer reflects the influx
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of plasma from the convective zone. Neglecting mass addition
at the shoulder of the cathode, we have:

~

//Ou_ (27R) dx,, = /’f"c We (2mRYA X (5~10)

where x is measured from the cathode shoulder along the slope,
and (¢ Ue 1is the mass influx from the convective zone. We
are interested merely in the characteristic densities in the
surface layer, so we shall neglect the variation of Lo e

and R with x. We then write:

o ("c. L\.(__ X
i h (5-11)

r

The particle density in the cathode surface layer is
typically then,

e

m = ~(§§;)M¢Bx

(5-12)

£
i AV + bTe 2 me -74N
e

Me

with n & n,, we thus have an implicit equation for Ngs which
may be quickly solved by successive substitution, since the

logarithmic dependence involved is rather gentle.

The characteristic temperature of the heavy particles
in the cathode surface layer may be derived in a similarly ap~-
proximate manner. Again neglecting variations along the cath-
ode slope of particle and energy £fluxes, and ignoring the com-

plications of conical geometry, we have:
FLL‘\,\[_Ih (7Y + 2 W=} = L 48V + %p + Pelhe g:"]x (5-13)
2.

where h(T) is the enthalpy of the flow; -&AV is the electric
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power deposited; qp is the energy transfer from the cathode
fall zone or emission layer; and (Ocucuoz/z is the energy
flux from the convective zone.

The heavy-particle temperature may be found from the

enthalpy, if equilibrium conditions are assumed,18 We have
(nqting that Ppuh »x P Cucx) :
:j AV B P 5z _ 2
h(r) = —————E—-‘”(l&__ﬁi>] (5-14)
(e We 2

The procedure used to solve these approximate equations
for the cathode surface layer is to £find n,. compute the pres-
sure gradient correction to the field structure to obtain E,

and then substitute this in the above equation for T.

Solution of the Cathode Surface Laver Flow

Solutions of the preceding equations are shown in
Fig. 5=2, at three stations along the cathode surface. These
curves merely provide us with indications of the flow properties
at the cathode. The experimental and theoretical situation does
not permit much more. From our simple formulation, we obtain
the average densities, velocities and temperatures in the sur-
face layer, appropriate to the overall electrical and fluid
mechanical conditions near the cathode. Thus, we see that the
density and heavy-particle temperature both increase from their
values in the convective zone. Particularly interesting is the
observation that the ion flow velocity retains much of its mag-
nitude after deflection near the cathode surface. In addition,
the variation of flow properties along the cathode is indicated.
We see that the particle density increases as more plasma is
collected from the convective zone. This rise is offset some~-
what by the increase in plasma velocity due to acceleration by.
the ﬁax'g force along the surface.

The heavy-particle temperature was obtained from equi-

librium computations of argon enthalpy at high temperatures by



82

ARPZ5 2 gélo 70

MOT4 H3IAVT 3DV4YNS IAOHLVD

¢o

O

461

N
me\Eeo;

FIGURE 5-2



83

18

Cann and Ducati. While equilibrium may not actually exist

in our situation, we note that the equilibration time between
ions and electron, teq , (as in Chap. 3), is about lOm7 sec at
the high densities found in the surface layer. This indicates
good coupling between ions and electrons over a distance

Efeq «~ 1 mm, so that energy may be transferred from high tem~-
perature ions to electrons and thence to ionization and exci=-
tation of the plasma. The essential point is that the plasma
f£low effectively has a very large specific heat because of
ionization and excitation. The plasma flow is accelerated to
high speed by the ﬁ'x gyforce along the surface, thereby con-
vecting away the heat absorbed in the deflection process. It
appears then that the cathode is protected, in part at least,
by strong blowing of a high specific heat gas along the surface.
(In these calculations, the energy transfer from the cathode
fall zone, qp ; is computed from a model of the cathode fall
developed later in this chapter. This model indicates that
about half the electrical power deposited in the cathode fall

is available to heat the plasma flow in the surface layer.)

Preliminary results from spectroscopic observations of
the discharge in the cathode region (with a longer duration,

nonreversing current pulse) indicatelo

that the particle den-
sity indeed increases from a value of about 3 x 1021/m3 in the
convective zone to about 2 x 1022/m3 in a thin layer ( ~ 2 mm
thick) adjacent to the cathode surface. Early estimates of
heavy-particle temperature near the cathode tip (with a higher
input mass flow, however) indicatelO values of 2 to 4 eV. Ex-
trapolating our velocity calculations to the vicinity of the
cathode tip, we find that the flow along the surface has been
accelerated to a speed about equal to that measured by time-
of~flight velocity probes14 at the anode exhaust port

(u = 1.8 x 104 m/sec). Thus, our approximate analysis yields
results that are consistent with the available evidence from

other experimental techniques.
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Boundary Laver Considerations

Having obtained in this approximate fashion the average
flow conditions along the cathode, we now consider the viscous
interaction of this flow with the surface. PFirst, we must com~
pute the kinematic viscosity of a quiescent plasma at the same
temperature as our flow. From kinetic theory,19 we have that
this is: '

' x L Vi -
Yo % 5 Vin (5-15)

where Vth is the mean thermal speed of the ions ( &~ 4.6 x lO3
m/s at station B) and \.. is the ion-ion mean free path derived

from the ion thermal speed and the self-equilibration time dis-
5

cussed in Chap. 3. At station B, A= Vipte = 1.47 x 10 ° m.
With this, we have
. —2 2
e = 3.4 x 10 m°/sec (5-16)
The Reynolds number of our flow is then:
Rey = =4.3 x 103 . (5-=17)

Vo

Again evaluated at station B where L = x = 1.3 cm. The
boundary layer thickness of an incompressible flow under these
conditions is approximately given by:

S = A
in the present case. For a compressible boundary layer, how-
ever, we must multiply this by the square of the Mach number.
The speed of sound based on the ion temperature is:

= 2x 10 % n (5-18)

T~ £ =7
w = —\/b/k/ = 3.3 x 103 m/s (5-19)
ey

for ¥ = 1.3 (obtained from equilibrium computations similar
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to those used to evaluate T).,l8 So the Mach number of our

flow is:

M=== 3.4 (5-20)

i

The compressible boundary layer thickness is then approximately
§=m28 =2.3x10° m.

We see that 8*h . Thus, the velocities and temper-
atures obtained by our analysis are averaged over the viscous
boundary layer (in addition to the early stages of flow deflec~
tion), so that the values used in computing Rey and M should be
amended for higher wvelocities and lower temperatures. HoweVer,
since the change in speed and temperature from the convective
zone (u =~ 18 km/sec, Ti % 1.5 eV) to the surface layer
(u ~ 11 km/sec, Ti 2 3,5 eV) is rather moderate, the overall

character of the situation should be maintained.

Discussion of the Cathode Tip and Jet

If we extend our calculations toward the cathode tip,
we find that the flow Mach number exceeds five. We may, there-
fore, consider the cathode in this region to be enveloped by a
hypersonic flow. The situation at the cathode tip thus re-
sembles the base and wake flow behind a hypersonic blunt body.

This impression is readily obtained by comparing our
color photographs (Fig. 3-3e of Chap. 2) to schlieren photos
or shadowgraphs of hypersonic flow interaction with circular

cylinders.zo’21

In Fig. 5~3a,b we depict these situations
schematically. Note that the cathode tip flow (Fig. 5-3a) is
characterized by a straight section extending parallel to the
centerline for a few tip diameters, followed by a bright coni~
cal region. Within the section at the cathode tip, the lumi-
nosity is particularly bright.

The hypersonic flow pattern shown (Fig. 5-3b) is from

the experimental work of McCarthy and Kubotazo

for a cylinder
in M = 5.7 wind tunnel flow. It is typical of hypersonic flow

around a smoothly curved, convex blunt body. The boundary layer
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separates along the trailing surface so the lateral flow tends
to overshoot the end of the body and stagnate a few diameters
downstream instead. The high pressure region thus created in-
duces a reverse flow toward the base of the body which stag-
nates there and recirculates between the separated boundary
layer, the flow centerline, and the body surface. This is seen
in Fig. 5-3c which also indicates the compression of the outer
flow as it is turned at the centerline. Note that these com-
pression waves will coalesce into the trailing shock wave
shown in Fig. 5-3b. We associate the sharply defined cone of
luminosity with this shock, while the base flow and stagnation
region occur in the straight section downstream of the cathode

tip.

Our situation is complicated by the addition of mass,
momentum, and energy from the convective zone, and by conduc-
tion and emission processes at the cathode tip. We may expect
that the influx of plasma from the convective zone is not im-
portant compared to the flow from the cathode surface layer
since the collection area is much smaller than the lateral sur-
face of the cathode. On the other hand, heat addition at the
cathode surface should be significant since the current density
is about a factor of three higher at the cathode tip than along
the slope. Such heating should have the effect of expanding the
base flow volume, offsetting any compression of this region by

the momentum flux from the convective zone.

Within the confines of our model for the emission layer
presented in the next section, the higher total current density
at the tip increases the level of both d, and g

P
transferred to the cathode). Thus, a factor of three or four

(qc is the heat

increase in current density, coupled with the more constricted
geometry of the cathode tip, can account for the fact that
melting is evident only in this area. We note that the flow of
the molten surface appears to be opposite to the motion of the
freestream plasma, indicating that a reverse flow indeed exists

in the base region at the cathode tip (see Fig. 2-5, Chap. 2).

While we again cannot treat the problem in detail, some
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qualitative understanding may’be obtained by recognition of
the overall flow situation. In particular, we note that the
high pressure and temperature presumed to exist at an MPD arc-
jet cathode may be displaced downstream by the hypersonic flow
off the lateral surface of the cathode. Base flow measurements

with hypersonic blunt bodies20

suggest that a relatively low
pressure should exist at the cathode tip. This is associated
with another interesting feature of such flows. We see in

Fig. 5-3c that the inviscid flow is turned parallel to the
centerline with little loss in magnitude (note that close to
the centerline the compression waves have not yet formed a
shock). Only a portion of the surface layer flow will be stag-
nated and contribute to the recirculation at the cathode tip.
In this way the conversion of the radial ion flow from the con-
vective zone into a useful, axial exhaust is cdmpleted without
stagnating and re-expanding the entire plasma flow. As men-
tioned earlier, if we extrap&late our calculation of flow ve-
locity in the cathode surface layer to the vicinity of the cath-
ode tip, we find an average speed of the outer flow approxi-
mately equal to the flow speed in the convective zone,

u= 1.8 % lO4 m/sec. This value agrees quite well with the
plasma speed measured in the arcjet exhaust at the anode ori-
fice using time-of-flight velocity probes.14 (It should be
mentioned that these probes measure large scale, high-fre-
quency perturbations in plasma density and temperature, a fea-
ture consistent with the turbulent wake behind a hypersonic
blunt body.)

Model for the Emission lLaver

In the preceding work, we saw that the rate of energy
transfer to the surface flow from the cathode fall or emission
layer is required to calculate the heavy-particle temperature
in the flow. We, therefore, depart now from the analysis of
the cathode surface flow in our experiment to formulate a simple
model for the current conduction and energy transfer processes
in the immediate vicinity of the cathode surface. We are par-

ticularly interested in the division of cathode fall power
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(27% of the total arc power) between electronic heating of the
plasma, and ionic heating of the cathode. The former is an
electrothermal component of arcjet operation, while the latter
reflects both the cost of freeing electrons from the cathode
and the loss of energy from the system by heat conduction to
the cathode interior.

The extent of the cathode fall in an arc is typically
a few MFP's.22 We, therefore, expect that the emission layer
should have a thickness on the order of an ion-neutral mean
free path. Since we also expect ion current conduction to be
significant in this portion of the discharge, we may compute

as before to find that:

>\A, ~ L X ID"S,,,_ <& 2.5 «x 10“3”. ~h=zx § (5-21)
t

Thus, the emission layer should be very much thinner
than the viscous boundary layer. Our concept of the situation
then is that a thin layer of high density, low heavy-particle
temperature ( < 1 eV), low velocity plasma exists immediately
adjacent to the cathode surface. Current conduction is accom-
plished by ion bombardment of the cathode, in addition to elec~
tron emission. The amount of emission depends on the difference
between the heat transferred to the cathode surface by ion bom-
bardment and the heat conducted away in the metal. Electron
emission relieves the net heat load at the surface. (In all
this, we neglect the effects of radiation. Ffom the color
photographic work, we have indicated that the lateral surface
is not incandescent. We neglect transfer of energy to the cath-
ode by radiation, compared with the electrical power deposited
in the cathode fall, since otherwise the radiative loss of energy
from the arc chamber would greatly exceed the total electrical

power supplied.)

The electrons emitted at the cathode surface are then

accelerated by the cathode fall voltage to an energy sufficient



90

to ionize the neutral atoms that result from ion recombination
at the cathode. This process may be repeated with a single ion
(heavy particle) returning to the cathode surface many times.
Each time it causes some electrons to be emitted. It also col-
lects another electron from the surface by recombination and
then deposits it in the local plasma upon reionization. We may
refer to this repetitive operation as the ion truck process.

In Fig. 5-4 we show schematically the operation of the emission
layer by our model.

In the following treatment, we shall avoid any depend-
ence on a particular emission mechanism since the properties
of the cathode surface and the microscopic details of current
attachment and energy transfer are poorly known. We shall in-
stead formulate and solve the overall energy balances required

at the cathode surface and in the local plasma.

Energy Balance at the Cathode Surface

The cathode surface is heated by particle bombardment
and cooled by heat conduction in the metal and electron emission.
Ions accelerate through the cathode fall and deposit an amount
of energy ( Vg + 2R T} s MUW%e) at the surface. If an ion re-
combines there, it also provides an additional energy (&: -¢#w ),
where we have subtracted the cost of collecting an electron from
the surface. We expect the resulting flow of neutral atoms to

return to the local plasma with the surface temperature, T and

Wl

net wvelocity parallel to the surface, Uy = 0. In the local

plasma these atoms will collide with other heavy particles es=-
tablishing some (kinetic) temperature not greatly different from

T and slowing the local plasma flow along the surface so that

WI
W< . With these approximations, we shall neglect simple

kinetic energy transfer in comparison to the electrical and

chemical energy fluxes to the surface ({f2¥f<s Vg +€ ~¢bw ),

Thus, our energy balance at the cathode surface is:

. (5-22)
G Ve v&; Pw) = Fre+ JePw
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where d. is the heat conducted away in the metal. (We have

assumed here that all the ions striking the surface recombine
there. This is appropriate for a situation of nearly complete
thermal accommodation between the heavy particles and the sur=-

face.)

In our experiment heat conduction to the cathode in-
terior is an unsteady'process. The time for the temperature,
a distance x within the cathode, to attain half the surface

temperature value is given by:23

—_— = 977 -
N (5~23)
. For tungsten, X. % 0.5 cmz/sec; so with x = 0.6 cm (cathode
radius at the middle of the lateral surface), t = 0.735 sec.
This is much longer than the time scale of the experiment. We
shall, therefore, use the heat conduction .formula for unsteady
flow in a semi~infinite slab. For constant heat flux at the

surface, this is:23

. o= V ""T,)
Fe ———— ‘/xc (5-24)

where K is the heat conductivity and T, is the initial tem-
perature. Note that at any particular time higher surface tem~-
peratures are associated with greater heat fluxes at the sur-
face.

Now, the heat flux to the surface is related to the
ion current which depends on the surface temperature, since
this determines the heavy-particle temperature in the local
plasma. That is:

Jo (Ve * (€, -u)) = m; e(RT‘*’ YP‘(V + (& 9%% (5-25)

PRl W
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Our energy balance at the cathode surface thus becomes:

. N Vo o, .
e e (T TD ST 2 i (BTN (e (a0 (520

2,

To proceed, we must formulate the other requirements

of our model.

Energy Balance in the Local Plasma

The voltage drop at the cathode exists, on one hand, to
provide electrical heating of the cathode by ion bombardment,
and on the other, to maintain the necessary operating environ-
ment by electronic heating of the local plasma. By the latter
requirement, we have that the product of cathode fall voltage
and emitted electron current must at least equal the power
needed to re-ionize the heavy particles returning from the

cathode. 1In general then:

JeVrE = 1 & Lp (5-27)

where qp represents the additional power transferred to the
plasma by electronic heating, Since this is beyond the needs
of the emission process, we may classify qp as an electrothermal

contribution to arcjet performance.

The total current is j = ji + je' so we have:

o = Je Ve - 41 € (5-28)
= 4Ve - 4.(Ve v €D

In terms of the local heavy-particle temperature then:

1—? = 3\/7— -M, e %_ﬁ“ X/L (Ve +é;) (5-29)
VALY U T
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We note that To is proportional to the heat conduction
at the cathode surface. Thus, for given particle and current
densities, the power deposited in the plasma is related to the

heat lost by conduction at the cathode.

Plasma Density in the Emission Laver

The pressure in the local plasma just beyond the cath-
ode fall is equal to the component of momentum flux normal to
the surface from the convective zone. This is because, with
the'? x'E force parallel to the cathode surface, only the nor-
mal pressure gradient exists to balance the dynamic pressure
of the plasma flow to the cathode surface layer. Thus, the
plasma density just beyond the strong field of the cathode fall

is related to the heavy-particle and electron temperatures by:

Fuo = (e +MAd KT + M RTL = w1 (K70 + X R7L)
(5-30)

= Mo ™ WUt

2 . .
where ncmiuC is the normal momentum flux from the convective

zone. The ion number density is then:

./’)’l" ’—"/Vla = D(/71 = X /YLC_ m7,_ LL(_L
- —— (5-31)
(R +x KT )
We expect that ®kTe>»>RkT,. , so that a simpler result
obtains:
M = Me M W q;z.7xlDZ$KW‘
< )
R T 5-32
© "Q\T‘c 2 1.5 eV ( )

The physical picture here is that near the cathode surface, the
plasma pressure is just the electron pressure since the heavy

particles are cooled by interaction with the cathode, while
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electrons receive energy from the emitted electrons accelerated
through the cathode fall (and have a temperature limited again
by inelastic processes). The normal momentum flux to the cath-
ode surface layer is thus balanced by the electron pressure.
The electrons are, in turn, repelled from the surface by the in-
tense field of the cathode fall. The force involved in turning
the flow in the surface layer is transmitted to the cathode
largely through this field. We note that the predominance of
the electron pressure allows lower heavy-particle densities near
the relatively cold cathode and lower bombardment rates than
would otherwise obtain.

Equations of the Emission Layer

Before substituting and rearranging terms, we collect

our equations for ready reference.

Conduction:
4= 91+ 3e
(5-33)
Energy Balance at the Surface:
dePuw * Fe = 3¢ (Ve +‘(€;°‘¢w)> (5-34)
Energy Balance in the Local Plasma:

Je Ve = 1€ + %o (5-35)

Heat Conduction:

. = K(Tw—‘r(a) Tr
1“' 5 \/Xt (5-36)

Ion Current Flow:

: - /o
40 = mie (BT Y (5-37)

2T M,
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Momentum Balance:

M = Me M U (5-38)
RTe .

This set of six equations involves six unknowns (ji,

je' der qp' TW' and ni) and one parameter (kTe)° We shall now
solve this system for various values of kTe, discuss the limita-
tions on this parameter, and consider the implications of the

results.

Surface Temperature

Substituting in the equation for the energy balance at
the surface, we have:

K v—'!_"‘u TE1 = "'L ! = . —_— A
'“z\iUP ! 3\\/)(1: Jele e =5 2w

P st . - ‘L Jm .. \
= MeMibe (Ve re)( BTy o g gy (5-39)
(RTe/e) sk

This is a quadratic equation for Twéz

Z_\\)_}I_ (\T\,J./L>L—-/V\¢{Y"'\iui{_(\/rf*e;)<~ R 5'/,_ 5 Ve
2 YIxt (R‘Tlt/&) 2 w

—(h [T T - ) =
(&NE i ©

Solutions of this equation for several values of kTe and t are
7 2

A/m”,

Me e = g daw0¥~nr/m> and Ve = 38 V.  Other properties are:

€- = 15.7 V (argon) and . = 4.5 V (tungsten).

Y

(5-40)

shown in Fig. 5-5. Conditions are: j = 1.5 x 10

We note that the surface temperature decreases with in-

creasing electron temperature so that the maximum value of kTe
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at any time is defined by TW = 300° K. We also observe that
the operating temperature of our system decreases at later
times if the electron temperature is higher than about 1.5 eV.

Since we expect that T_, should increase or at least remain con-

W
stant, this implies that kTe is less than the indicated maximum
values. For constant electron and heavy-particle temperatures

during quasi-steady operation, we have kTe £ 1.5 eV.

A minimum electron temperature of 1 eV was assumed
because lower values would indicate heat transfer from the -
electrons in the plasma to those in the emission layer. This
is unlikely in view of the large fraction (27%) of the total arc

power deposited there.

For this range of electron temperatures, then, the sur-
face temperature is about 400° K. This indicates that the
lateral surface of the cathode should not be incandescent, con-
sistent with the negative result of the photographic work. It
also underscores the inadequacy of thermionic emission processes
(as usually formulated) to provide the high-current densities
observed. (Even at temperatures approaching the melting point
of'tungsten, however, thermionic emission computed from either

the Richardson or Dushman equations is insufficient.)

Current Conduction in the Emissijion Laver

The ion current to the surface is determined by TW and
Te’ In Fig. 5-6a we plot ji and je versus electron temperature
for t = 100 msec. The ion contribution to current conduction
diminishes at higher electron temperatures because the densities
needed to obtain the required electron pressure are lower. En-
hancing this is the lower heavy=-particle and surface temperature
that results from the decrease in ion bombardment heating of the
cathode. This latter process implies a lower rate of cathode
erosion at higher electron temperatures. Essentially, the mo-
mentum flux to the surface from the convective zone is balanced
to a greater extent by the repulsion of the electron fluid from
the cathode. Thus, we have "electrostatic" rather than "mag-

netic" protection of the cathode in a high-current discharge.
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(The latter effect will be involved in the momentum layer.)

With kTe £ 1.5 eV, we see that the ion and electron
contributions to current conduction are comparable. For ex-
ample, at kTe = 1.5 eV, je = 2ji, indicating that two electrons

are emitted for each ion incident at the cathode surface.

Origin of the Cathode Fall

As in the convective zone, we have actually been solving
the problem in reverse. Experimentally, we know V+ and there-
fore we have used it as an independent variable. Physically,
however, the cathode fall arises from the operating conditions
at the cathode. These are determined by the current and par-
ticle densities in the vicinity of the cathode, the heat con-
duction and convection processes there, and the mechanical bal-
ance required by the static pressure in the arc column, or in
our case, the dynamic pressure of the plasma flow. This may
be seen most readily in termé of the overall energy balance at
the cathode:

We= 12w * Fo + Fr (5-41)

SO

Ve = Pw + Fe * kP
— (5~42)
3
The cathode fall must at least account for the cost of
removing electrons from the metal. In addition, it must proVide
enough energy to balance the heat losses to the cathode and the
plasma. The cathode fall thus arises from a balance of energy

transfer processes.

The cathode fall performs work by giving charged par-
ticles ordered motions. The heat losses reflect a randomization
of these motions, associated with inefficiencies in electron
emission and plasma ionization processes. Conduction of current

in the presence of collisions thus leads to entropy production.
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If we assert that the cathode fall operates so that the entropy
production rate is minimized, we may obtain the required fall
voltage.

The entropy production rate is:

Broade o iQeog) oohe (oo
Te Tu Te T e

j(VF"‘(f\.J) + K (‘__' ( __& (5=-43)
v T

I

(where we have divided the heat and entropy production rates by

the lateral surface area of the cathode).

Assuming that Te is largely determined by processes
just beyond the emission layer, we have:

a0
[
il
'ﬂ Q,
/‘\
F _
|
g

(5-~44)

T

Now, in our case, we expect that Te:$> TW =, To' s0
that the expression in parentheses above is positive. From our
quadratic equation for TW?, we see that (dTw/dve) is also
positive. Then,

.
V- 7o (5-45)

o

Thus, the rate of entropy production increases with fall voltage.
The minimum rate is therefore associated with the minimum voltage

allowed by other requirements of the system.

Previously, we determined the maximum electron temperature
possible for a given fall voltage. Assuming that temperatures
in our system do not decrease with time, the electron temperature

is limited to kTe < 1.5 eV. Reveréing our point of view, we
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may specify the electron temperature and compute the minimum
possible fall voltage. Using the value of electron tempera-
ture measured near the cathode surface, kT_ = 1.5 (+ 0.5) eV,
we immediately see that the minimum voltage is just the pre~
viously used experimental value, V. = 38 V. That is, the
cathode fall appears to be operating in our case so as to
produce entropy at the minimum rate.

From Fig. 5-7a,b we see that under these conditions
the cathode fall involves comparable levels of ion and electron
current (je ~ 2ji) and delivers comparable amounts of power to
the cathode surface and the local plasma. Thus, some 60% of the
cathode fall power is available to arcjet processes beyond the
surface.
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EXPERIMENTAL CONCLUSIONS

In the preceding chapters, we have sought to develop a
cogent, phenomenological picture of the cathode region in our
MPD arcjet. The approach has been qualitative in that we have
been interested in establishing the physical nature of the sit-
uation, in lieu of detailed excursions into a problem fraught
with analytical and experimental difficulties. Thus, our com-
putations have employed quantities that are characteristic of
the regimes of interest to yield results that, though approxi-
mate, allow some physical insight into the various processes
involved. '

We have seen that a transition flow of ionizing gas
exists in the cathode region. The ionization level progresses
from a few percent near the gas injectors, to some tens of per-
cent closer to the cathode, and further downstream. Electri=-
cally, then, the plasma behaves like a fully ionized gas, having
a conductivity of 8 (+ 5) kmho/m. Since the electron Hall pa-
rameter and the (electron) magnetic Reynolds number both exceed
unity in most of the cathode region, we expect significant in-
teraction between the plasma flow and the current conduction

pattern.

Such interaction is confirmed by analysis of the electro-
magnetic structure of the discharge. Noting that, in the absence
of pressure gradients, ion acceleration reflects the ﬁ'xlg force
distribution in the plasma, we see from the geometry of the cur-
rent and plasma flow patterns that current conduction is achieved
primarily by electrons in a tensor manner. This geometric im-
pression is substantiated by considerations of the work performed
on the ions by electromagnetic forces. We £ind that in our high
conductivity situation, essentially all of the ion energy is

associated with motion normal to the current flow direction.
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Ion velocities and plasma flux rates are then computed
from the electric and magnetic field distributions. It is
found that approximately half the input mass flow is convected
to the vicinity of the cathode surface, arriving there with a
velocity of 1.8 x lO4 m/sec, largely in the radial direction.

A portion of the remaining input mass apparently is not ionized
until it has drifted further downstream from the injectors. It
is then also accelerated toward the arcjet centerline, but does

not attain the same high speed as the mass flow to the cathode.

Near the cathode surface we find that the effects of
pressure gradients should be included in our analysis of the
discharge structure. Estimates of heavy-particle mean free paths
also suggest that a continuum flow exists in a thin layer adja-
cent to the cathode. The situation at the cathode thus resembles
a hypersonic-blunt body interaction in that the high speed, low-
temperature ion flow to the cathode undergoes a large deflection
in the vicinity of the surface. As in a blunt body problem,
the normal momentum flux to the surface layer is reflected by
a pressure gradient in this region. In our case, the plasma
also experiences acceleration by the'ﬁ x B force along the cath-
ode surface. In addition, heat is deposited by current conduc-
tion through the surface layer and by heat conduction from the
cathode fall.

To account for this last process, we formulated a simple
model for an emission laYer at the cathode surface, based on a
balance of particle and energy fluxes to the cathode and to the
local plasma. This model indicates that ion and electron cur-
rents are comparable near the cathode surface, and that com-
parable heat energies are deposited in the cathode and in the
local plasma. It is also suggested by our model that the emis-
sion layer operates to produce entropy at the minimum rate, pre-
ferring to deliver heat to the high temperature plasma, rather
than the relatively cold cathode. The surface temperature
along the cathode slope is seen to remain at a level well below
the melting point of tungsten, reflecting the protection of the
cathode by a thin layer of high pressure plasma consisting of

cold ions and hot electrons.
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In addition to unsteady heat transfer to the interior,
the cathode surface is cooled by electron emission. Again by
our model about two electrons are emitted for each ion incident
at the cathode. This result indicates that some form of in-
dividual field (I/F) ion bombardment emission process24'25 is
operating at the cathode surface. Simple thermionic emission
is completely inadequate at the current densities with which

26 At the cathode tip where melting is evident,

we are involved.
T/F emission26 can make a significant contribution to the elec-
tron current. But even at this limiting temperature,’T/F pro-
cesses cannot account for all the emission, since the current
densities at the tip are also higher than on the lateral sur-
face. It should be noted that our analysis averages phenomena
over the cathode surface to obtain an average electron yield
associated with an average surface temperature. Since emission
processes are very sensitive to surface conditions, such aver-
aging may obscure the actual emission mechanism. This approach,
however, is quite serviceable in providing an overall power bal-
ance at the cathode surface. In particular, we find that some
50% of the electrical power deposited in the emission layer is
delivered to the plasma flow along the surface. (The remaining
power goes to cathode and anode heating.)

Using conservation principles and simplifying the geom-
etry somewhat, we computed the properties of the plasma f£low in
the cathode surface layer. As expected, bothvthe particle den-
sity and heavy-particle temperature increase above their values
in the convective zone, confirming the existence of a pressure
gradient near the surface. More importantly, the velocity of
the plasma flow along the surface is comparable to the ion speed
prior to deflection. We thus find that a highly supersonic to
hypersonic flow exists parallel to the lateral surface of the
cathode. (Estimates of viscous effects indicate that the cath-
ode surface layer coincides with the compressible viscous boundary
layer. We have, therefore, averaged over the lower speeds and
higher densities and temperatures of this boundary layer in ob-

taining our flow properties.)
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Near the cathode tip, this flow separates from the
surface, collapsing onto the arcjet centerline a few diameters
further downstream. A portion of the flow stagnates there and
a reverse flow is created that circulates back to the cathode.
The rest of the flow from the cathode surface layer is turned
parallel to the centerline, maintaining a speed of about
1.8 % lO4 m/sec, comparable to velocities measured at the anode
exhaust port. (Other features of this hypersonic base flow and
near wake are the formation of a trailing shock by the com-
pression waves associated with flow turning at the centerline,
and the existence of a turbulent wake.) In conclusion, we note
that the high pressure "pumped" plasma core previously thought
to exist at the cathode tip4 is replaced by a high pressure,
high velocity layer along the lateral surface’ of the cathode.
Boundary layer separation and flow recirculation near the cath-
ode tip then allows most of the flow from the surface to exit
the cathode region as a thin, conical annulus, escaping both
stagnation point and shock wave interactions. In this way, the
deflection of the high velocity plasma flow to the cathode is
completed without additional losses to stagnation and re-expan-

sion of a hypersonic flow.
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CHAPTER 6
FUNDAMENTALS OF MPD DISCHARGE STRUCTURE
We shall now consider the fundamental physical basis
for the structure of a magnetoplasmadynamic discharge. In
particular, we are concerned with the current distribution

and its relation to the plasma flow.

Origin of the Conduction Pattern

As we have emphasized, the current distribution through
a plasma prescribes the electric field there. We thus compute
the electric field in a plasma from a generalized form of Ohm's
law, with current density as the independent variable. We can-
not arbitrarily specify the electric field pattern and then com-
pute the current density distribution in an actual MPD arc. As
in the experimental situation, we can only prescribe the total"
current level and the electrode geometry (and in some cases, the
particle density or mass flow). To obtain the current distribu-
tion, we must combine our constitutive equation (Ohm's law) with

the basic principles of electromagnetism (Maxwell's equations).

Faraday's Law for an MPD Discharge

The basic process governing current conduction in an MPD
discharge that differentiates it from simple current conduction
is the generation of a back emf by plasma flow in the magnetic
field. That is, as a parcel of conducting fluid travels through
the current distribution, the magnetic flux it intercepts changes.
Such variation results in a circulation of current within the
fluid element, which distorts the local current conduction pattern

so as to diminish the change in magnetic flux through the fluid.
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This is simply Lenz's or Faraday's law. In differential form,

we state this law as:

b

UxE = _%—.“ (6-1)

(a9

where in the preceding discussion, £ and 3B/at are both
measured in a frame of reference travelling with the fluid par-
cel. In this case, the time rate of change of ‘B reflects the
changing magnetic field strength seen by the fluid element as
it passes through the region of nonuniform magnetic field as-
sociated with the current conduction pattern.

To proceed formally, we shall base our coordinate system
in the laboratory, so 2B8/>t =0 is a steady situation.
(For generality, we shall allow 2B/>t # O in the

following derivation.)

Now, our constitutive equation is:

E = ?73‘—‘iZgAi§.-—_L_ VFe.

,/nge- (6—2)
soO, R
Sy 77 V x{Ue & )

(6-3)

where we have assumed that the electron temperature is constant
s0: Va (FE,VPe) =V « (V"igs:,ewme) =0 . By vector identity
then (with .2 =¢o ), we have:

Tl nB) = Re (VoBY-B(V R D+(®eV)Ue —(The-7)B
(6-4)

= ~BAVRe) = (Re*e B +E* N Ue

Typically, in self~field accelerators, flow conditions do not

change in the direction of B , so we may drop the last term



109

on the right, in the previous equation. Thus,

Vil = (L) T + o [~B(0Re) = (Te-dE 2B ] (65)

o

We may use particle continuity to account for the variation in
electron flow speed through the discharge:

- ) m
V° \AC = m_._g - .__‘_. De' by (6—6)
Me Me Dt
where he is the local change in electron density due to ionization

and D./Dt =2/3t + Re*V
the electron fluid velocity.
tion as follows:

is the convective derivative based on

We then combine terms in our equa-

BV (W DE-DR = —phe B « E DMe _De B
But, b /= ) —
____e_,_(B/ = 4L DPel R De Me:
Dt Me Me Dt Mm.r .
e D t (6_8)
so our equation becomes:
(g")‘ [_ M. St ( /_/V\e) A (6-9)
Now, neglecting the displacement term,
— — (6-10
4 = L Vx & )

So
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sO

S (6-11)

In addition, we may simplify the term involving variable con-
ductivity. We have:

L | V(7o eB) - (7o 9)E - (B 0300 - Ba(vave))]

G @B -

- —/_‘_*; u‘“") V}B (6-12)

Our equation becomes upon substitution of these results:

Ve //‘-«ifmeﬂbe <P>/m¢> + ’%@} + (_\ZUE.:UVB—&‘ (6-13)

This equation, along with appropriate boundary and
initial conditions, determines the magnetic field distribution
in the arc chamber, and thus the current flow pattern.

In a steady state, we have:

VR = S Ao \_{Y\a'ﬁ;v v(g/me) + %”E—X CVU" v)]g (6-14)

If the electron density is constant (and ionization is
neglected), this becomes:

——— —— oy Y 6"‘"1
VB = crw (Re VIR + (Y_‘"ov>z?> (6-13)
c”
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Taking just the first two terms, we see that the mag-
netic field distribution is determined by a balance between
convection (in the direction of ﬁ;) and diffusion, in much the
same manner as the temperature distribution in a flowing, heat
conducting gas. In the absence of significant electron flow
(low current or high density situation), we see that the first
and third terms above merely provide the distribution of cur-
rent in a nonuniform conductor. These two cases account for
the two basic types of arcjet discharge. In a low current
and/or high particle density arc, we have the scalar situation
in which the current pattern follows the distribution of elec-
trical conductivity in the gas. We note that the conductivity
gradient resembles the electron f£low velocity, so that we may

define an effective velocity due to conductivity variation as:

i "TICC— . (6-16)

JUUSIRES

o

Much in the same way that the electron flow will tend
to convect the current pattern in the direction of G;, the sharp
conductivity variation at the edge of an arc discharge will cause
the current to collect in the arc column. (This merely says
that most of the current will flow where the conductivity is
highest, so the current pattern in the arc chamber depends on
the thermal transport processes that determine the conductivity
distribution. In a thermal arcjet in which heat from the arc
is carried away by convection, strong thermal gradients can be

maintained, and there will be a tendency to spoke,)

For a high~current and/or low-density arc, conductivity
variations are less important ( O tends to be uniformly high).
The high electron flow speed associated with the need to conduct
high current with few charge carriers convects the current dis-
tribution so that it tends to represent the electron flow tra-
jectory. This trajectory is determined by the magnetic field of
the current distribution and the electrostatic coupling of the
electrons to the ions in a quasi~neutral plasma. Thus, the ion

momentum equation must be combined with Faraday’s law and Ohm's
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law (the electron momentum equation) to compute the current
flow pattern. Since the ion motion depends primarily on the
? X.E force distribution in a high-current discharge, we see
the fundamental nonlinearity of the problem. We shall return
to this discussion later. We first wish to delineate more

formally between thermal and magnetoplasmadynamic arcjets.

Magnetic Reynolds Number Based on U,

To explore the relative importance of the terms in our
equation, we nondimensionalize the simplified expression above

as follows:

Let
B=-2*B.
Re = U™ U (6-17)

o = o* o

and L = L*Lo; where L and L* represent any spatial dimension,

and Bo' U,or Oor and LO are constant quantities characteristic

eo
of the discharge and flow situation. We have then:

vAIR* = (D'a/uouepLo)D”"‘(Lke’“»V*B*> + (fvo—i— - Vk) R*

(6~18)

= Reme CHRS VB 4 (TEEF L ga) B
%

where (Rme = Cﬁoﬁ~ulidwl—b is the magnetic Reynolds number
based on the elecfron flow speed. From this expression, we see
that scalar conduction (thermal arcjet) will obtain for Rme<<1.
While convective effects (MPD arcjet) will prevail for Rme>1 .
In the former limit, with constant ¢ , the current pattern is
a solution of Laplace's equation (at least in rectangular sit-
uvations, where the direction of '§ is constant). The latter
case, on the other hand, resembles boundary layer £low in that

the current pattern distends downstream following the plasma flow,
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and decouples from the flow in a thin region of current conduc-
tion (for which ®me is locally small). From Chap. 3, we see
that, in our experimental situation, ®Rme™*® 5 ; where Lo is
based on the cathode length. Thus, as we indicated previously,
we should expect significant but not overwhelming interaction
between the current and plasma flow patterns. Near the cathode
surface, Lo is much smaller so that, with constant conductivity,
the current flow lines should resemble electrostatic field lines,
and enter the surface normally.

Solution of the Current Pattern

Because of the moderate value of ®Rme in our situation,
we cannot simplify the differential equation governing the cur-
rent pattern. Even with such approximations as negligible elec-
tron flow speed and uniform conductivity, this equation is still
difficult to solve in our coaxial situation because the direction
of B varies along a magnetic field line. 1In rectangular geom-
etry, where B is unidirectional, the equation for the scalar
conduction case is:

J*rR = 0o = VB (6-19)
which is just the Laplace equation. For a particular electrode
geometry (specifying the boundary conditions on B), we may re-
fer to known solutions23 of the steady heat conduction equation
( V*T=0v ) to obtain the appropriate isotherms, or in this
case, constant enclosed current contours.

In our coaxial situation, where =88& and F  is in

the plane normal to ™ , we have:
2@ = OB 1 2B 2B B =
VES > BT Pt Ty = o (6~20)
or

(6-21)
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Solution of this equation requires an expansion in terms
of bessel and hyperbolic trigonometric functions. We shall not
pursue this here, since we are interested in the contours of
constant enclosed current, not of constant B. (These are not

equivalent in a coaxial situation.)

The current distribution in the coax1al case is obtalned
by noting that in the scalar situation 1 is parallel to £ so
the current flow lines follow the electrostatic field pattern.
Equivalently, we see that if F=0c€ and o = constant,
then in steady state:

a—

=0
Vi (6-22)
sO we may write
4 =V7T
(6=23)
Then, since V-3j =0 , we have:
V*Y = o© (6=24)

Again, we may utilize solutions from heat conduction theory.
We now specify the flux at the boundaries, since the current
pattern is equivalent to the heat flow distribution. We note
that such solutions are not readily available because of the
rather specialized geometry of MPD arcjets.

In the limit of high magnetic Reynolds number ( Rme ),
our equation has the form of a heat conduction problem in high
fluid mechanical Reynolds number (Rey) flow. This is not quite
true in our situation because u depends on J and thus on the
magnetic field distribution. That iss

o Me € (6=25)
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where Gi and ne( = n, ) are determined by the ion f£fluid me-
chanics and are, therefore, also related to the magnetic £field

pattern through the ?'x'g force distribution.

If the relative motion of ions and electrons is negli-
gible compared to the plasma flow, as would be the case in a
low current, high density situation, the magnetic field pattern
will be determined by the plasma £flow, since
W%- 3 ox W (6-26)
Me&
Another special situation in which the true boundary
layer equation obtains is rectangular geometry. In this case,
(%-s7y€ is zero. Lam27_has obtained solutions, for QRme
large, under these conditions, with the additional approximation
of point electrodes. By analogy with heat conduction, the cur-
rent pattern near electrodes of finite extent resembles the
heat flow pattern near a body in high speed flow.

As we have indicated, the problem is more complicated
in coaxial geometry ( Be/Mev is now constant along a stream-~
line, rather than Be/me ). The main feature of interest is,
however, that the current flow will be distended in the direc-
tion of the electron flow, but will enter and leave the elec-
trodes as in the scalar situation. The thickness of these elec-
trode boundary layers may be estimated, as before, by analogy
with viscous boundary layer flow. If W. ﬁfi:z and the plasma
flow is parallel to the electrode, then the conduction boundary

layer thickness is:

Se(x) x» __ X ~ X

 Rome (LX) (6-27)

where x is measured along the electrode. If, however,\ij>>Vﬁi\
then we must measure x along the current flow lines. In this

case Se(x)xX so the extent of the conduction boundary
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layer is given by QRmetad=1 or

/

Se(x)= Lg =
c o{ OT::/L&:‘ uﬁo (6_28)

This result was used in Chap. 3 to assess the inter-
action of the current. and plasma flows, and in Chap. 5 to show
that in the cathode surface layer the current £lows normal to

the surface.

Meaning of ®Rme

We may manipulate the dimensionless group RKme to ob-

tain some insight into its physical implications. We have:

@.’Vv\e = U_c,/(/v.g Ueo L.

= UQ:;%;, = uee B (6—29)
T Be Tde
A L F

where 7% = /7. and 'io*x:t:'3°/Lb . Prom this we see that the

electron magnetic Reynblds number reflects the relative im~
prtance of the induced electric field, due to electron motion
in the magnetic field, to the resistive electric field com-
ponent. This is not surprising in that ®wme is a measure of
the tensor versus scalar nature of current conduction. We may
illuminate this further with a few more manipulations. If we

write "jc =Mee Ueo ’ then

Rome = }/\-___E’;_f_‘_‘__ff___ = < Ba = —n—a (6"30)
(/W\e_Vc. )meaueo Me Vi
;’Y‘L’_e,]—'

That is, insofar as the current density is represented by the
electron flow, the electron magnetic Reynolds number equals the

electron Hall parameter. Thus, the microscopic and macroscopic



117

approaches to magnetic field interaction with the current flow
pattern are directly connected.

The value of ®Rmwe (and St ), which we have seen is
an important parameter in determining the current pattern, may
be related to the overall parameters of the discharge. We have
from the first expression above:

Rme ’U-?/(A,olkeo\,c"‘ O fro We Lo ( "ﬁ_e_fo>
e (6-31)

= " Weo
= R (B2
where &m is the magnetic Reynolds number based on the plasma
flow speed. ©Now, the electron flow speed includes both the
electron motion with the plasma flow and motion across the flow
in carrying current. That is, we may write approximately:

Weo =~ (\Ae‘ul'“' M?L)\/L

PO

= \' Meu‘)‘- +‘ly7"
We e We

(6-32)
where :
a2 A = J /A
ey = /(V\ee— /
Me €.
(6-33)
U & 7/ pea
But, Qlé N
-8
Wee =2 \'(J/g = + | /L_- (6-34)
We o /o

Then, the electron magnetic Reynolds number is:

<Rme?<2M‘K:We 5+\]k' (6-35)

Ot A i
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From the overall momentum equation, in the high-current limit,

T2 ©
Up ~ I o (6-36)

SO

Ga.maw I Uwe 1]’/1
oA

(6-37)
Thus, as we asserted previously, the high ®me 1limit is asso-
ciated with high-current, low-density operation. Note that we

have used the final speed of the plasma flow to obtain ®Rm .

Distortion of the Current Pattern by Plasma Convection

In a self-magnetic field plasma accelérator, the plasma
flow speed is expected to increase greatly through the current
distribution. Therefore, the magnetic Reynolds number at any
point within the discharge will be less than the value computed
from the final maximum plasma speed. The distortion of the
current pattern from the scalar situation by plasma convection
will thus occur to a lesser extent than would be indicated by

the high terminal value of W:= .

We may see this most readily in a discharge flow be-
tween parallel-plate electrodes, separated by a distance D .
The conduction boundary layer thickness associated with the

trailing edge of the current distribution is

s = el (6-38)
_mr’Jx)

where &m (Ug,x) is the magnetic Reynolds number computed

from the flow speed of the plasma after it has been accelerated
through the entire discharge. The current pattern will be com-
pleted when the conduction boundary layers £ill the interelec-
trode gap; that is, when 2 $=D . The streamwise distance at
which this occurs is given by

D - L. (6-39)

= d R (Ue,L)
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We may use this distance, L, as the length of the cur-
rent distribution, and thus as the distance over which the
plasma flow is accelerated by the'§ xlg force in the discharge.
If we assume that the plasma accelerates from a negligible in-

let speed to its final velocity in a linear fashion:
W) = Ue (.’ﬁ} (6-40)
L

we may compute a magnetic Reynolds number characteristic of the
overall discharge, in terms of the interelectrode separation.

We have:
R = oD = c;&ulAij>L (6-41)
but,
D= 4L = 4 L*
Roer (Up, L) Con We L (6-42)

from the definition of L. So:
Rom =2 (6-43)
By this order of magnitude approach, we see that the

magnetic Reynolds number characteristic of self-field plasma

accelerators should be rather moderate in value. The essential

point here is that an overwhelming distortion of the current

pattern by flow convection cannot occur in a self-field plasma

accelerator because the flow is created by the current pattern.

Interaction of the Plasma Flow with the Current Pattern

We have previously considered the plasma motion to be
one=dimensional Actually, the two-dimensional current distri-
bution will, in general, provide a two—d1mens1onal plasma flow
since ions will be accelerated in the J p-4 B direction. As we
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indicated in Chap. 4, an ion will contribute to current conduc-
tion only insofar as the direction of current flow is parallel
to the motion achieved by the ion earlier in its dynamic history.
We see from our one-dimensional approach, however, that higher
flow speeds deflect the enclosed current contours further down-
stream. That is, further into the current distribution, the
angle between the ion  flow and the current flow (initially 90°)
will tend to become smaller. Thus, in the cathode region, any
component of ion velocity along a current line will be asso-
ciated with motion away from the cathode, rather than in the
direction of current flow. Offsetting this, is the acceleration
of the ion normal to its initial path by the E'x'E force of the
deflected current flow. Ion motion should therefore tend to

be normal to the current flow lines, at least’' in the early stages
of ion acceleration. We note that this situation prevails even
in the scalar case since the cathode is convex and current lines

will diverge.

Thus, the absence of significant ion current in our ex-
periment does not seem unusual. Rather, these qualitative argu-
ments suggest that it is characteristic of the cathode region of
an MPD discharge. Asserting this, we may obtain the ion flow
trajectory in the cathode region from the current pattern. We
also may directly connect the ion kinetic energy to the voltage

difference along its path, as in Chap. 4.

Physical Hierarchy of an MPD Discharge

We shall now unravel the interconnections of an MPD dis-
charge by establishing a hierarchy of physical processes that
govern arcjet operation. As in the experiment, we specify the
total arc current, the input mass flow, and the aécelerator ge-
ometry. The distribution of current within the arc chamber will
be determined through Faraday's law for an MPD arcjet and will
depend, as we have seen, on the conductivity and velocity of

the plasma, and the electrode and insulator boundary conditions.

At high-current levels, our experience indicates that
the ionization level will be above a few percent, so that the
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plasma conductivity will depend largely on the electron tem-
perature. We have also seen that the electron temperature
will be limited by the rapid activation of inelastic cooling
processes at higher electron temperatures. (In Chap. 3 we
noted this in terms of an energy balance between ohmic heat-
ing and ionization cooling of the electrons within the dis-
charge.) Thus, we expect the conductivity to be rather uni-
formly high throughout an MPD discharge, since the electron
temperature will everywhere tend to its upper limit.

The current pattern would therefore resemble simple
heat conduction were it not for the distortion resulting from
plasma convection. The extent of such interaction depends on
the magnetic Reynolds number. For a self-field plasma accel-
erator, we have seen that ®m ~ 4. The current pattern dis-
placement by convection will, therefore, be rather moderate.
The maximum distension of the enclosed current contours may be
computed from the plasma exhaust velocity, estimated using the
electromagnetic thrust equation with the specified current,
mass flow, and geometry. 1In this way, the actual current dis-
tribution is bracketed by the scalar, low ®m , solution (ob-
tained approximately by erecting normals to equipotential con-
tours sketched around the electrodes) and the convective,
high ®m , situation.

The ion motion within this current pattern is obtained
from the associated'§ x B force distribution. With the in-
clusion of density and temperature_gradients and collisional
processes, the mechanics of the ion flow may be determined
(that is, the three equations of the ion fluid, continuity, mo-
mentum, and energy may be solved given the body force distribu-
tion). The initial estimate of plasma flow velocity can then
be corrected and the density distribution can be calculated.
Iteration through the preceding steps to obtain the new current
pattern and ion flow, and finally a self-consistent solution,
occurs automatically in nature. We have merely indicated the
physical processes involved.

Once the ion flow and densiﬁy are determined,; comparison
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with the current flow pattern provides the electron flow ve-
locity. Ion motion normal to the current prescribes the elec-
tron speed in that direction, while the electron contribution
to current flow must complement that of the ions. The electric
field within the plasma is then obtained from the generalized
Ohm's law. That is, the G; x B term may now be evaluated so
that the electric field required to conduct current across a
magnetic field in the presence of collisions (’7§') and pres-
sure gradients (3, VPe = 57— Vv (M RTe ) ) is determined.
Integration of this electric field, with the addition of the
electrode falls, provides the total arc voltage.

We note that the arc voltage and the ion kinetic energy
both derive from the current density distribution. Thus, there
should be a correlation between them, but this need not be
causal. We have seen, however, that in the cathode region of
an MPD discharge significant ion current should not be expected
and, therefore, the ion kinetic energy is directly related to
the voltage difference along its path. This arises from the
electromagnetic structure of the discharge which, in turn, de-
rives from the electron momentum equation. The need to conduct
current with electrons requires an electric field that exactly
balances the ?hx E'force attempting to deflect the electrons
from the current flow path. This electric field then exerts a
force on the ions equal to the'? b4 ghforce in the discharge.
This is the net force acting on the ions, neglecting pressure
gradients and collisions with neutrals, since there is no cur-
rent conduction in thié direction. (In a scalar situation, the
electric field arises to move electrons against the collisional
drag of the ions; thus, the net force on the ions is zero). We
note that if there is some ion motion along the current path
away from the cathode, ug must increase. The increased electric
field normal to the current flow then provides the. ions with a
greater deflection in that direction, reducing the presumed ion
motion.

In terms of the origin of the electric field within the

plasma, we may consider that the convective zone of the cathode



123

region behaves like a Hall field accelerator. 1In the cathode
surface layer the tensor character of current conduction is
diminished (since-nevis greatly increased) so the electric
field there reflects the back emf in an MGD channel accel-
erator. While, in the cathode jet and plume, we merely have
the resistive field as in an electrothermal device. Thus, our
MPD arcjet incorporates three basic types of electric thruster
in different portions of the discharge.
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CHAPTER 7
GENERAL CONSIDERATIONS

We shall now apply our understanding of discharge and
flow processes to the overall operation and performance of an
MPD arcjet. 1In particular, the relationships between various
arcijet characteristics and their connection with the electro-

magnetic and mechanical structure of the discharge will be es-

tablished.

Voltage-Current Relation in a Self-Field Plasma Thruster

With the addition of the electrode fall voltages, the
total arc voltage is obtained from the line integral of the
electric field in the plasma, along some contour between the
anode and the cathode. The electric field within a plasma is,

neglecting pressure gradients,

—_—
- 'y

E‘—;-=75A._1:(_‘A'§=7;‘-—ZZ&E +_JAB
Ne & - ) (7_1)
=3 = 7, .y
( e 7<)

Integrating this along a current flow line between the elec-

trodes, we have:

(Vypp —Ve) = /E ~de /7744 -—/T«AZ;‘:ZZ (7-2)

Acong At G 7 Acorrg T

where VF is the combined voltages of the electrode falls. From

the previous chapter, we have that the ion motion will be essen-
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tially normal to the current flow in most of the discharge, so

UWxB -+ dl =—uBdl. We then have approximately,

(Vrier V&) 22 75 L + uUBL (7-3)

where L is the characteristic length of the current path and
%7+ 3, u, and B are all quantities typical of the situation

within the discharge and plasma flow.

Now, from the preceding chapter again, we have:

@M:cpwuL~x_&§ (7-4)
77
in the same manner as the electron magnetic Reynolds number.
But we also found there that the magnetic Reynolds number char-
acterizing a self-~-field plasma accelerator is a constant fixed
by electrode geometry and plasma conductivity. Thus,.we write

@_’V\" - (E'V“\ ¥ SO

W = 7g R (7-5)

Then the voltage across the plasma flow is:
(Vrew =Ve) = 77 & (1= B (7-6)

Now, we may express j in terms of the total arc current

and geometry approximately as:

. J
A 2T R L

A
{i¢
|
[t

(7-7)

where R is a radial distance about midway between the cathode

and anode radii. We then have:

| (7-8)
(Veer =Ve) = C 1+ &) T

21T R
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So we see that, if the electrode fall voltages remain relatively
constant and/or small, the arc voltage increases linearly with
current. We also note that the above relation defines the char-
acteristic impedance of a self-field MPD arcjet. We have:

y = V‘l'or"\/ ) — 4 ._M
Z- (..____\:i_:__f_. = Z:r—i—{ ( |+ X ) (7_9)

4 2

with 7 = 1/ ® 2 x 10 * n-m, Rm™ 4, and R = 2.5 x 10 “ m,

we may compute Z for our experimental situation:

ie

Z2 & 6.3 milliohms (7-10)

This number compares quite well with the value computed

from the experimentally known voltage and current (Vtot = 140 V,
\Y CF = 38 v, VAF ~ 5V, so Vtot'_ VF 2~ 97 V, and J = 17.5 kA):
\Y - V.
z =< —E‘D—‘CJ-——-—E) 2 5.5 milliohms |
experiment (7-11)

Such impedances are typical of MPD discharge operation at high

currents.

Heavy-Particle Kinetic Enerqy

Again, using the condition that ions travel normal to
the current flow lines, so that j =« je’ we compute the total
work done on the heavy particles in the plasma by the ghx:f;

force:
<€‘_f=/ JrBedxe = [X9BdXL xy X358,
me Met Me € (7-12)
A e
X..‘.“’]‘g
where n = n;, + n, son, = n, and L , is the characteristic

length of the acceleration path.
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From the previous expression for the arc voltage, we
have that the back emf is:

.-/’;sz;" edz :]’7{. (FABYdL = [oxm - (JaB) Jd4
/’tLv,JQ; ja~ 1 ﬂ /e ,/ne e (7"'13)

where we again note that U is parallel to ? x B. Then, con-

tinuing our approximate analysis, we write:

KmugB L, ymu\Nx 3B
Jre Me e Jjre /N, e

(7-14)
2~ W BL

’

from the previous form of the back emf integral. (L — L.

in association with L, ). Thus, we have:

€y 1/63( L‘J“EL‘ (7-15)

Now, j/e =~ [(J/e)/(2TWRLy )] and m/m = nu(2TWRL ), where
we use the lateral surface area of a truncated cone of mean

radius R, and slope length L,; and L, , respectively. So
er m (Le YL (7-16)
b oV aad

But we have already seen that WRL =~ 5E~1‘7j L=
We, therefore, obtain a relationship between the £inal heavy-

particle energy and the voltage drop across the plasma:

s = j;//c;m>< |+ @MBCVTW Ve (7-17)
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We see that, with [(J/e)/(h/m)] ~ 1, heavy-particle
energies in the arcjet exhaust should be comparable to the arc
voltage. We note that electrothermal contributions to the
plasma kinetic energy have not been included. A major portion
of this input occurs near the cathode surface and is associated
with the cathode fall voltage. Thus, we may be able to add a
fraction of this voltage to the plasma kinetic energy, bringing

&4 closer to the total arc voltage. We consider this possi-
bility in a later section. '

MPD Arciet Exhaust Velocity

We may relate the final kinetic energy of the heavy

particles to the exhaust velocity of the arcjet as:
(7-18)

From the electromagnetic thrust equation we have in the high-

current limit (where we neglect gasdynamic contributions) :

s Up = e T [ g, (M) + 3 | (7-19)
“GTT
so,
Ao T4 Q ©
[ 4% (et + W) Tt o (T ) B Cvrrve)
(7-20)
But,
(Vr'ar"VF> =(7 )(/-r-é—;m)J—
2R
(7=21)
>{e) B M2 T T2 _—
£ ] =, =7z R
K ga] 7

27 (7-22)



129

Thus, we see that in a self~field plasma thruster Jz/ﬁ is a

constant depending only on geometry and plasma conductivitys

JE ‘YEM

) 7R

-2z
L2 o Y+ 3 )] (7-23)

This indicates that the exhaust velocity of an MPD arc-
jet should become constant as the current level is increased
and/or the mass flow rate is decreased, insofar as the gasdy-
namic and electrothermal contributions to performance may be
neglected in this limit. Experimental observations in several

MPD arcjets confirm this result. (We note that u_ is propor-

£ ,
tional to Z, the characteristic impedance of the arcjet which

is also rather constant for different experiments.)

In our own case, Va/vre® 5,6, R= 2.5 x 10-_'2 m,
% %~ 2x 10 %, and &m = 4, so

. 7
L= = s exvo Az-see]
1 R

K&

(7-24)

Also, in this particular case J = 17.5 kA and
M= 5.5x 10 3 kg/s, for which J%/f = 5.6 x 10-°. These results
are in fair gquantitative agreement, considering the approximate

nature of the analysis and our rather rough estimate of Roam .

Electromagnetic Thrust Efficiency of a Self-Field MPD Arciet

We may define the thrust efficiency of the electromag-

netic acceleration process in a self-field MPD arcjet as:

Y, o We : oy P
éE/"' = 2 = = MWs/e ( /1 ‘
(¥rer-Ve) T (Vier -Ve) \T/e (7-25)
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where Ug is computed from the electromagnetic thrust equation.
But

T/e \) R (Vrer =VE)

_/_/MMZ' = &L = ]
2 ¥ /e ol i) |+ Ram

(7-26)

SO

Cem = _ Fom (7-27)

/"'fm

We see that this efficiency is also a constant determined by
the geometry of the accelerator. The relationship to R is
rather natural, since &;m is the ratio of energy associated
with motion in the magnetic field to energy dissipated by con=-
duction in a resistive plasma.

aiw‘Revigited

Having seen that arcjet performance depends primarily
on ®w, we return to the discussion of the previous chapter to
examine more closely the influence of accelerator geometry on
this factor. We again work with the simpler rectangular sit-
uation. The essential construction is that the current conduc-
tion pattern is completed when the conduction,béundary layers
of the electrodes overlap. In particular, the last element of
the current flow, connecting the trailing edges of the elec-
trodes, must diffuse across the fully accelerated plasma £low.
By analogy with viscous boundary layer £low, the penetration of
this current into the plasma flow is given by:

X — Xo
S Rem (X -x0% ns)

5(X"XQ) =

(7-28)

where X5 is the streamwise position of the trailing edge of

the electrode. Thus, if D is the interelectrode separation,
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the current pattern is completed when
D=3Sall —Xe) + Spo(L-xa) (7-29)

where L defines the streamwise distension of the current pat-
tern, and the subscripts refer to the cathode and anode, re-

spectively.

If the intersection occurs a distance fD into the flow
from one electrode, then the magnetic Reynolds number may be

obtained as previously and equals:

[CREE (7-30)
‘_fl_
where we have again assumed a linear velocity profile,
u(x) = ug x/L, through the discharge (appropriate to a diffuse
current distribution).

The limitations on £ are determined schematically in
Fig. 7-1. 1If we assume a one-dimensional plasma flow, parallel
to the boundaries as shown, then we may use the analogy with
viscous flow over a flat plate to sketch the growth of the con-
duction boundary layers. For xA - X, = 0, Fig. 7;la, the bound-
ary layers intersect in the middle of the flow; while at some
point (xA-— xc) > 0, Fig. 7-1b, one layer completes the cﬁr—
rent pattern before the other develops. Thus, we find 3 < f =1,
We observe, however, that since the plasma flow and current flow
should tend to be orthogonal, the assumption of a one~dimen-

sional flow fails badly for x, — x > 0. In Fig. 7-1lc, we

note that the net result of tﬁis cgupling is to rotate our as~
sumed streamwise direction so as to reduce the effective value
of (xA —-xc). The actual direction of the flow may be estimated
from the current pattern of the scalar situation, since ions
will be accelerated normal to the current streamlines. Simple
sketches, such as Fig. 7-1d, suggest that the effective value

of (XA - xc) is never large compared to the electrode separation
(normal to the flow). Thus, the influence of geometry on the

value of ®Rw is rather weak, and @®Rw =z 4 should be typical of
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steady, self-field plasma thrusters. (The situation is essen-
tially this: In an MPD arcjet a high speed flow normal to the
current pattern is created by the ? x B force. Since the flow
is initially low speed, the direction of this flow, defined by
the direction of current flow, is determined approximately from
the scalar ( ®mw?» 0 ) limit. In a scalar situation, the average
direction of current flow is about parallel to the line of min-
imum distance between the electrodes. If the plasma flow is
normal to this line, the streamwise electrode separation will

be small compared to the minimum electrode gap.)

Electrothermal Contributions to MPD Arcijet Performance

The primary complication in evaluating the electrothermal
processes in an MPD arcjet is due to the nonequilibrium nature of
the plasma flow. In Chap. 3 we indicated that the plasma flow
continues to ionize through the arc chamber so that even a two-
temperature formulation of the state of the plasma is inade-
quate (except, perhaps, in the high density layer at the cath-
ode surface). It was also noted that the electron temperature
remains rather uniform throughout the arcjet and exhaust plume
because of cooling due to inelastic collisions with ions and
atoms., That is, the energy received by the electrons from the
electric field (ohmic heating) or from collisions with higher
temperature ions in the cathode surface layer, jet, and plume
.is lost to the activation and population of excited states of
‘the atoms and ions. Since such inelastic processes are much
more efficient in transferring energy from the electrons to
heavy particles than elastic encounters, the major effect of
ohmic heating in an MPD arcjet is the creation of an ionized
gas of high electrical conductivity and large specific heat.

The first property limits the energy dissipated by conduction
through the plasma. The second result allows the heat generated
within the discharge to be absorbed into the working fluid,

thereby permitting operation at rather moderate temperatures.

In the cathode surface layer, the situation resembles

that behind a strong shock wave in an ionized gas. The heavy-



134

particle temperature increases greatly from its initial value
as does the particle density. Heavy particles then heat the
electrons which, in turn, ionize and excite the gas. Only a
small increase in electron temperature is needed to increase
vastly the rate of inelastic cooling. The electron fluid acts
as a heat conductor between the high (kinetic) temperature
heavy particles and the low-temperature reservoir formed by
their excited states. (Note that "temperature" is ill-defined
in this situation and is used here in analogy with more familiar
equilibrium concepts.) Thus, the heat generated in the cathode
surface layer, by the heavy-particle collisions associated with
flow deflection and by electronic acceleration and collision
processes in the cathode fall, is lost to ionization and ex-
citation of the plasma flow. Measurements of ion and electron
temperature in the exhaust plume (Chap. 2) indicate that the
nonequilibrium character of the flow persists far downstream
of the arc chamber suggesting that this heat energy is never
recovered. It appears, therefore, that the same inelastic pro-
cesses, permitting the cathode region to operate at moderate
heavy-particle temperatures, are associated with the frozen
flow loss of electrothermal contributions to thruster perform-

ance.

Losses at the Cathode

The cathode fall voltage represents the—cost of con-
ducting current across the cathode-plasma interface. From
Chap. 5 we have that the heat generated near the cathode sur-

face is:
FetFr = d(Vee - N (7-31)

As indicated in the previous section, this heat does
not contribute to the acceleration processes of the arc. Further-
more, the energy involved in removing electrons from the cath-
ode, 4%w , is later deposited in the anode as heat, so that
this term also represents a loss of energy from the system.
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Thus, we may consider the ratio VcF/vtot as a measure of arc-
jet inefficiency associated with the cathode conduction pro-

cess.

Again, from Chap. 5, we obtain that the cathode fall

voltage is:

Vv = %-c(‘-,—'w)t) -+ J¢w - e
[« o ‘_
P ™ _ o (7-32)
Memi Ke R.TN\YL
RiL /e 2T M
where nm.u, /kT = ng the particle density at the edge of

the emission layer.

Regardless of the heat transfer to the cathode (on the
'surface temperature), we see that VCF is inversely proportional
to n.. This is because the required energy transfer to the
surface by ion bombardment may be obtained with a lower volt-
age, i1f more particles are involved; the conduction process

becomes more efficient.

Thus, to achieve better arcjet performance, we should
operate with high particle densities at the cathode surface.
Since the value of the electron temperature is determined by a
balance between acceleration in the cathode fall and inelastic
cooling, this requires high pressures at the cathode. Such a
condition may be obtained by increasing the arc current since
ncmluc2 is proportlonal to the electromagnetlc thrust of the
arcjet ( ~ J ), and/or by increasing the mass flow rate to the
cathode surface (this may be accomplished by altering the ac-
celerator geometry so that the current pattern provides ion ac-
celeration paths that intercept a larger portion of the input
mass flow). In the first approach, arcjet performance improves
because the total arc voltage increases while the cathode fall
voltage is diminished. Application of the second approach re-
quires a design trade~off between energy losses associated with
the cathode fall and those involved in flow deflection.
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Review_and Concluding Discussion

We have applied our understanding of the electromag-
netic and mechanical structure of an MPD discharge in the cath-
ode region to obtain relationships between arcjet properties.
The three principal elements of this structure are that (a) in
an MPD discharge electron current predominates so that the cur-
rent and plasma flows are orthogonal. (b) Conduction of cur-
rent by electrons in the presence of a strong magnetic field
requires a component of electric field normal to the current
flow to balance the Lorentz force on the electrons; this elec-
tric field then transmits the 3 x B force in the discharge to
the heavy particles of the plasma. (c) The resulting plasma
flow provides a back emf which distorts the current pattern,
causing it to distend downstream, since the plasma flow is
created by current conduction the back emf cannot everywhere
dominate the conduction process so in steady, self-field plasma
accelerators interaction of the flow with the current pattern
must be moderate ( &m~4). Analysis of the experimentally
determined distributions of electric and magnetic field and
current density led us to the first two results. All three
were established on more fundamental foundations in the previous
chapter.

Recognizing that the back emf and resistive voltage drop
must be commensurate by (c), we found that the voltage across

the plasma is proportional to the arc current:
(Vrer =Ve) = 2 T (7-33)
where the effective impedance:

Zz = _:Z__._ (I-!- ﬁm) (7-34)
2T R
is determined by plasma resistivity and accelerator‘geometrya
From (a) and (b) we have that the kinetic energy of a heavy
particle in the exhaust flow is:

(7-35)
(T2 T (e V)
P Vo b+ Ram

Eg =

L
2
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so that energies comparable to the arc voltage should be ob-
tained. This relation also provides the electromagnetic ef-

ficiency of the arcijet:

Eepn = B (7-36)
I + Ran
which reflects (c) in that current conduction, with the asso-
ciated dissipation of energy, is necessary to obtain the plasma
flow from an MPD arcjet.

Furthermore, we have that the final kinetic energy £ s
is proportional to Jz/ﬁ, But, since it is also proportional
to (Jz/fﬁ)2 through Ugs in the high-current, low mass flow
limit we find that:

7T R

-2
5= (e~ e =)

J=
S ~
~rvi

(7-37)
oL Ug
SO Ug is determined by geometry and plasma resistivity.

All this has been achieved by approximating the actual
structural details of the discharge flow with mean quantities A
and characteristic distances. We have essentially linearized
the MPD situation, depositing all the inherent nonlinearity.
and coupling in the overall structural parameter, R . Having
argued that the magnetic Reynolds number which characterizes
the interaction between the plasma and current flows is rela-
tively independent of the arcjet inpﬁts J and m, relationships
involving changes in properties with J and m were obtained.
"ﬂgBy¢the details of this argument, we are limited to the high cur-
rent, low mass flow situation for which gasdynamic contributions
to plasma acceleration can be neglected and where the magnetic
Reynolds number based on the exhaust velocity is large
( oo WsR >t ) -

We have also assumed that ¢ could be treated as a
parameter determined by processes independent of the discharge

flow interaction. In this case, specification of 7 prescribes
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the ratio J%/m. If we supply a certain current level, then

the mass flow required will be obtained either from the input
gas or by ablation of insulator and electrode material. (Note
that the overfed situation will not be accessible to our anal=-
ysis if ooweUsR  becomes small.) Additional mass flow £rom
ablation may not be readily available to the arc if the proper
insulator and electrode materials are used. We then have that
Jz/ﬁ determines Z . That is, if the proper level of mass
flow cannot be supplied by gas input or ablation, the plasma
resistivity is coupled to the discharge flow situation. If the
mass flow is sufficient, however, 7 will depend on other as-
pects of arc operation. We note that if J2 is given and m is
lower than required with 7 determined by these latter pro-
cesses, the plasma resistivity will increase. This results in
greater heating in the arc chamber (and higher temperatures
since fewer particles are involved), so that the possibility

of ablation is enhanced. Recalling our expression for the arc-
jet impedance, we see that impedance (and therefore voltage at
a given current level) should increase inversely with mass flow

rate below the mass flow required with Z otherwise determined.

The prescription of 72 by arc processes is intimately
coupled to the determination of the ionization level. Higher
ionization levels provide lower resistivities until near « = 1,
the production of multiply-charged ions caﬁses the resistivity
to increase (assuming that the electron temperafure remains
limited by these and other inelastic processes). From our anal-

ysis, we may obtain an expression for &« . We have:

m D<1B L“ X MBL_
ﬂ/e. Me e

(7-38)
so that:
i ) 4B Imee Ty

(7-39)
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But from Chap. 6 we have:

- y
N X Rame = CR.M«L—-‘;,_ ,j/e-BL+\i\ =

A [ (7___40)
sO
" 3/e
- 2 ( //v"‘l/rwl>
J7 2 +
[ oar/v:/rm> ] (7-41)

Thus, if we fix the current level and lower the par-
ticle flow rate, we obtain higher ionization levels and higher
conductivities. The velocity of the plasma flow also increases
so that we attain the high-current, low mass flow operation in
which the electromagnetic cohtribution to the arcjet thrust
dominates and to which the results of our approximate analysis
apply. Above an ionization level of a few percent, 7 will be
about constant, decreasing only slightly with higher o (in-
sofar as Te is about constant). As we go to still lower par-
ticle flow rates, KX+ 1 , in which case we expect multiple
ionization to be important so that 7 will increase. Thus, we
may associate the situation wherein 7 is independent of
Jz/& with [(J/e)/(m/m)] 4 1; while the case of 7 increasing
with lower mass flow rate obtains for [(J/e)/(m/m)] > 1. The
critical particle flow rate is thus given by [(J/e)/(m/m)]

We note that at this condition the arc operates with about the
minimum resistivity, so that heat dissipation (and thus entropy

production) occurs at the minimum rate.

We expect that there will be two classes of MPD arcjet:
ablative and nonablative. 1In the first, lower mass flow rates
will be compensated by higher ablation rates so that the plasma
resistivity, arc impedance, and arcjet exhaust velocity will
all attain constant values at high-current, low mass flow con-

ditions. The particle flow rate required is given by:

. _— (7-42)
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while the mass flow rate will be proportional to the square
of the current:

@

A B pus ﬂ’;’ma&re‘o < T (7-43)

We note that insulators; such as Plexiglas used in our
experiment, can significantly contribute to the particle flow
rate without affecting the mass flow appreciably (see Chap. 2
on insulator erosion).

In the second case of an ideal, nonablative thruster,
the plasma resistivity, arc impedance, and arcjet exhaust ve-
locity all increase inversely with mass flow for high-~current,
low mass flow operation. Higher heavy-particle temperatures
and multiple ionization should be observed here at low mass

flow rates.

In neither case will electrothermal effects contribute
to arcjet perfofmance because of the high effective specific
heat of an ionizing gas. As we have indicated, however, this
nonequilibrium situation allows operation at moderate tempera-
tures ( £ few eV). In particular, the heat generated near the
cathode surface can be absorbed by internal states of the plasma
and carried away by the surface flow. This convective heat

-t

transfer process is assisted by the strong S'x B force parallel
to the surface which accelerates the flow to hypersonic Mach
numbers. We note that if such acceleration occurs further out
in the discharge, the mass flow to the cathode surface would

be less and higher cathode falls would be needed to maintain
the cathode conduction process. Protection of the cathode sur-
face by a high density, low (heavy—particle) temperature plasma
would also be less efficient. This situation would obtain in
the case of little magnetic interaction in the convective zone,
since the current pattern would then resemble the scalar solu-
tion, with ?hx B there directed parallel, rather than toward,
the cathode surface.. Thus, cathode operation and survivability
improve with high plasma conductivity and flow speed in the
cathode region, such conditions provided by appropriate par-

ticle and mass flows at high-current levels.
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The results of our analytical formulation await
conformation by experiments currently in progress. Prelim-
inary evidence28 indicates that the arcjet exhaust velocity
increases linearly with decreasing input mass flow rate until
[(J/e)/(m/m)] = 1, after which it remains constant. In terms
of our discussion, this suggests that insulator ablation be~
comes important when the input mass flow is fully ionized by
the arc. Since the back emf and the resistive voltage drop
across the plasma flow must be commensurate, lower input mass
flow rates and higher exhaust speeds predicate greater heating
in the arc chamber, thereby providing the mechanism for mass
addition by insulator and/or electrode ablation. Any effort
to compare arcjet impedance, exhaust velocity, and mass £low
rate over a range of operating conditions must include ah
accurate appraisal of the ablated mass and particle flow rates
and the influence of ablated material on the mechanical,

chemical, and thermodynamic properties of the plasma.
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